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Estuaries are unlike other coastal systems, however, because they
are geologically ephemeral: if the rate of sediment supply is suffi-
cient, then estuaries become filled and cease to exist when the rate
of sea-level rise slows

Robert W. Dalrymple, Brian A. Zaitlin, Ron Boyd (1992)

Jolanta PACZESNA — The evolution of late Ediacaran riverine-estuarine system in the Lublin—Podlasie slope of the East European
Craton, southeastern Poland. Polish Geological Institute Special Papers, 27: 1-96

Polish Geological Institute — National Research Institute, Rakowiecka 4, PL-00-975 Warszawa, Poland; e-mail: jolanta.paczesna@pgi.gov.pl

Abstract. A model of evolution and destruction of the late Ediacaran riverine-estuarine system that developed in the Podlasie
Depression and Lublin—Podlasie slope of the East European Craton is presented based on the identification and definition of
facies associations, depositional systems and the framework of high-resolution sequence stratigraphy. Two groups of
depositional systems have been identified — alluvial, estuarine, and one open coast system. The alluvial system was initially
represented in the northeastern and western synrift depocentres by alluvial fans. Distal parts of the fans were areas of fluvial
deposition. Large, sand-bed braided rivers flowed transverse to the sedimentary basin axis. During final stages of the alluvial
basin evolution, the levelling of the rift topography and the increase in subsidence rate in the south-east of the basin resulted in
the development of anastomosed system rivers. The rivers flowed along the basin axis from north to south. A change in
the braided-river flow type from ephemeral during the early stage of the alluvial basin evolution to perennial in the later
stages, development of anastomosed system river floodplains and the change in the colour of accumulated fluvial deposits in-
dicate a climate change from arid and desert to more humid and moderate conditions. The late Ediacaran siliciclastic succes-
sion of the Lublin basin is a record of the transgressive stage of estuary development. It is manifested by five successive
parasequences composing the transgressive systems tract. During the earliest evolutionary stages, the Lublin estuary was
a mixed wave-and tide-dominated. In its peak development, as the influence of tides significantly increased, it turned into
amacrotidal, hypersynchronous estuary of funnel-shaped geometry. Regression of the Lublin estuary, resulting in its ultimate
decline, started along with the highstand development at the Ediacaran/Cambrian transition. The estuary became transformed
into a mixed-energy wave-and tide-dominated estuarine system and subsequently into a wave-dominated open coast.

Key words: sedimentology, sequence stratigraphy, alluvial plain, estuary, late Ediacaran, early Lower Cambrian, East Euro-
pean Craton, southeastern Poland.

Abstrakt. Na podstawie zdefiniowania asocjacji facjalnych i systemoéw depozycyjnych oraz przedstawienia ram wydzielen
wysokorozdzielczej stratygrafii sekwencji sformutowano model rozwoju i destrukcji péznoediakarskiego systemu fluwial-
no-estuariowego, rozprzestrzenionego w obnizeniu podlaskim i lubelskim sktonie kratonu wschodnioeuropejskiego. Wyrdz-
niono dwie grupy systemow depozycyjnych —aluwialne i estuariowe oraz system otwartego wybrzeza. System aluwialny byt
poczatkowo reprezentowany w potnocno-wschodnich i zachodnich depocentrach synryftowych przez stozki aluwialne. Dy-
stalne czg$ci stozkow byty obszarami depozycji fluwialnej. Duze, piaskodenne rzeki roztokowe sptywaty poprzecznie do osi
basenu sedymentacyjnego. W koncowych stadiach ewolucji basenu aluwialnego wyréwnanie topografii ryftowej i wzrost
tempa subsydencji w jego potudniowo-wschodniej czgsci spowodowaty rozwoj rzek systemu anastomozujacego. Sptywaty
one wzdhuz osi basenu z potnocy na potudnie. Zmiana rodzaju przeptywu rzek roztokowych z okresowego we wczesnych eta-
pach rozwoju basenu aluwialnego na ciagly w p6zniejszych stadiach, rozw6j rowni zalewowych rzek systemu anastomo-
zujacego 1 zmiana koloru osadow akumulowanych przez rzeki §wiadcza o zmianie klimatu suchego, pustynnego na bardziej
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wilgotny, umiarkowany. P6znoediakarska sukcesja silikoklastyczna basenu lubelskiego jest zapisem transgresywnego etapu
ewolucji estuarium. Jej przebieg odzwierciedla pig¢ kolejnych parasekwencji budujacych transgresywny ciag systemowy.
W najwczesniejszych etapach rozwoju estuarium lubelskie miato charakter mieszany, falowo-ptywowy. W fazie maksymal-
nego rozwoju, w miar¢ znaczacego wzrostu oddziatywania ptywow, byto to makroptywowe, hypersynchroniczne estuarium
o kominowej geometrii. Na przetomie ediakaru i kambru wraz z rozwojem ciagu systemowego wysokiego stanu wzglednego
poziomu morza rozpoczal si¢ regres i stopniowa likwidacja estuarium lubelskiego, ktore przeksztalcito sig¢ w estuarium
o mieszanej energii falowo-ptywowej i nastgpnie w otwarte wybrzeze z udziatem falowania.

Stowa kluczowe: sedymentologia, stratygrafia sekwencji, rOwnia aluwialna, estuarium, pézny ediakar, wczesny dolny
kambr, kraton wschodnioeuropejski, potudniowo-wschodnia Polska.

INTRODUCTION

The Ediacaran Period was marked in the Earth’s history
by a number of important global-scale geological, physical,
geochemical and biological events.

Geotectonic processes that occurred during the final stage
of breakup of the Rodinia supercontinent resulted in a disper-
sion of continental plates (e.g. Cawood et al., 2007; Elming
etal.,2007; Liet al., 2008). The dispersion process started in
the Cryogenian and reached its final stage during the Edia-
caran, manifesting itself by the rifting phase followed by
adrift of continental plates. At the Ediacaran/Cambrian boun-
dary, passive margins developed along previously tectoni-
cally active margins, including western Baltica.

Global glaciations, followed by a deglaciation period,
were the prominent geological events that subsequently af-
fected the Ediacaran atmosphere, hydrosphere and biosphere,
and found their record in sedimentary processes (Rieu et al.,
2007a). The two Neoproterozoic younger glaciations oc-
curred after the main stages of Rodinia breakup in the Cryo-
genian: Marinoan about 635 Ma and Gaskiers at ca. 580 Ma.
The last Neoproterozoic glaciation may have occurred during
the early Ediacaran (Fairchild, Kennedy, 2007). Its effect was
manifested by an increase in oxygen content in the atmo-
sphere. Ice-sheet melting resulted in a rise of sea level (Rieu
et al., 2007b). Climatic variability during Ediacaran times
caused some perturbations in geochemical cycles recorded by
fluctuations in isotopic contents of organic carbon and stron-
tium (e.g. Hoffan, Schrag, 2002; Halverson et al., 2005;
LeGuerroue et al., 2006).

As the sea level rose, most of the Ediacaran continents, in-
cluding Baltica, became inundated by marine transgressions.
Increased oxygenation of the atmosphere and hydrosphere as
well as the development of new marine ecosystems resulted in
unprecedented changes in the Ediacaran biosphere, unknown
before in the Earth’s history. The changes stimulated the ap-
pearance of widespread Ediacaran-type faunas representing
soft-bodied Metazoa and new species of microorganisms rep-
resented by unicellular eukaryotes and prokaryotes. Among
these organisms there were ancestors of some Palacozoic
phyla (e.g. McCall, 2006) and some species of microplank-
ton, which have been recorded in recent years (Moczydtow-
ska, 2008a). The organic spectrum was clearly characterised
at that time by an increase in benthic species boring morpho-

logically simple feeding-dwelling burrows in the sediment
(e.g. Fedonkin, 1977; Paczesna, 1986; Crimes, 1994; Crimes,
Fedonkin, 1996).

The above mentioned geological, physical, geochemical
and biological factors left global (Fig. 1) and regional records
in Ediacaran siliciclastic deposits of the East European Cra-
ton. Their effects are observed in the evolution of the late
Ediacaran sedimentary basin in the Lublin slope of the East
European Craton and Podlasie Depression (e.g. Paczesna,
2008; Moczydtowska, 2008b).

The principal objective of this report is to document and
present a depositional model and constraints on the develop-
ment of a hypothetical estuary that evolved during the late
Ediacaran in the Lublin slope of the East European Craton.
The following undertakings were made to achieve the target:

— defining and describing the late Ediacaran sedimentary
environments, post-volcanic siliciclastic deposits;

— applying a high-resolution sequence stratigraphic me-
thod to study the post-volcanic siliciclastic basin fill;

— mapping the distribution of individual sedimentary en-
vironments within the basin in time and space;

— comparing the Ediacaran sedimentary model of a hypo-
thetical estuary with the Phanerozoic and modern equiva-
lents, assuming that the quality, quantity and range of the ef-
fects of geological, physical, geochemical and biological fac-
tors which affected sedimentary processes during the Neo-
proterozoic times were different from those operating today.

Although the Ediacaran System is the final link in the Pre-
cambrian evolution of the Earth, its unique geological charac-
teristics impede simple comparisons of the Ediacaran sedi-
mentation of siliciclastic deposits with the Phanerozoic and
recent models of analogous depositional systems (Eriksson
et al., 1998). It was due mainly to different factors that opera-
ted on a global scale — much higher sedimentation rate and
the Earth-Moon dynamic phases recorded in tidal settings,
which were different from the recent ones, indicating diffe-
rent lengths of calendar days, months and years (Williams,
1998). The other factors included the following: different
physical and chemical composition of the atmosphere and hy-
drosphere, lack of plant cover and increased chemical and me-
chanical weathering due to higher CO, content in the air (Fike
et al., 20006).
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O late Ediacaran rift basins

AN sites of occurence of Ediacara-type fauna

O Ediacaran deposits representing Gaskiers glaciation ca. 580-570 Ma

Fig. 1. Occurrences of the most important Ediacaran geological and palaeobiological events

Late Ediacaran rift basins: 1 — Lublin—Podlasie basin — Poland, Volhyn and Podolia — Ukraine, 2 — Muhos basin, Sweden, 3 — Vittern graben, Norway,
4 —northern Scotland, 5 — Sinai Peninsula, 6 — central Iran, 7 — Salt-Range Province, Pakistan, 8 — central superbasin (Georgina basin, Amadeus basin, Officer
basin), Australia, 9 — south-eastern New Foundland, Canada, 10 — New Brunswick, Canada, 11 — southern Oman, 12 — Lena, Tunguska province, Russia,
13 —southern China, 14 — north-eastern Argentina, 15 — Zavkhan basin, south-western Mongolia, 16 — Adelaide rift complex, southern Australia, 17 — western
Tasmania, Australia

Occurrences of Ediacaran-type soft-bodied Metazoa fauna: 1 — Scotia Group, Princ Karls Foreland, Svalbard, 2 — Winter Coast, White Sea, Russia, 3 — Urals,
Russia, 4 — Podolia, Ukraine, 5 — Charnwood Forest, England, 6 — South Wales, England, 7 — Galicia and central Spain, 8 — Sardinia, 9 — southern Australia,
Ediacara, Flinders Range, 10 — Northern Territory, Amadeus Basin, Australia, 11 — Kimberleys and Stirling Range, Western Australia, 12 — Namibia,
South-West Africa, 13 — Huqf Group, southern Oman, 14 — Wengan, southern China, 15 — Huainan, China, 16 — Yangtze Gorges, China, 17— Liaodong, eastern
China, 18— Jixi, eastern China, 19 — south-western Mongolia, 20 — Knoll Formation, Lesser Himalaya, India, 21 — Bhander Group, Vindhyan Supergroup, cen-
tral India, 22 — northern Iran, 23 — north-western Argentina, 24 — Yerbal Formation, Arroyo del Soldado Group, south-eastern Uruguay, 25 — Paraguay River
Basin, Brazil, 26 —northern Carolina, United States, 27 — California: Salt Spring — southern Death Valley, Kelso Mountains — Mojave Desert, White Mountains
—eastern California, United States, 28 —southern Nevada, 29 — Clemente Formation, Mexico, 30 — North West Territories, Canada, 31 —Mackenzie Mountains,
Yukon, Canada, 32 — Rocky Mountains, British Columbia, Canada, 33 — Istaken Point, Avalon Peninsula, New Foundland, Canada 34 — Spaniard’s Bay,
Avalon Peninsula, New Foundland, Canada

Ediacaran deposits of the Gaskiers glaciation ca. 580 Ma: 1 — New Foundland, Canada, 2 — Massachusetts, United States, 3 — Scotland, England, 4 — north-

-eastern Svalbard, 5 — northern Norway, 6 — Hankalchough, China

The late Ediacaran deposits of the Lublin slope of the East
European Craton and Podlasie Depression have been broadly
studied for over 40 years, as they take a key position within
the complicated geotectonic evolution of southeastern Poland
during the dynamic processes of sedimentary basin filling.
Complete or fragmentary Ediacaran successions have been
encountered in 34 wells located within two structural units of
the Polish sector of the East European Craton: Podlasie De-
pression and the Lublin slope of the East European Craton
(Fig. 2). The Ediacaran sections in most of the wells, in parti-
cular those drilled by the Polish Geological Institute, were
fully cored commonly with 100% core yield. Due to the large
amount of drilling data on the Ediacaran deposits, the Edia-
caran succession of southeastern Poland is an excellent geo-
logical object for research projects, unique on a global scale.

The late Ediacaran siliciclastics, presented in this paper,
overlie a volcanigenic complex. They were dealt with in
a number of regional and stratigraphical reports (Znosko,

1965; Aren, 1974, 1978a, b; 1982; Aren, Lendzion, 1978;
Aren et al., 1979; Moczydtowska, 1988, 1991; Pacze$na,
1989; Vidal, Moczydtowska, 1995; Paczes$na et al., 2005),
ichnological studies (Fedonkin, 1977; Pacze$na 1985, 1986,
1996), facies investigations (Jaworowski, 1978; Pacze$na,
2006, 2007, 2008), tectonic reports (Poprawa, Pacze$na, 2002);
sequence stratigraphic analyses (Pacze$na, Poprawa, 2005a,
b), chemostratigraphic isotopic studies (Strauss et al., 1997),
geochemical investigations (Wichrowska, 1982) and minera-
logical and petrographical researches (Juskowiakowa, 1971,
1974, 1978; Wichrowska, 1978, 2007, 2008).

Interpretation of the origin of the late Ediacaran—early
Cambrian succession from the Lublin slope of the East Euro-
pean Craton was one of the most interesting and unsolved
problem over the last 30 years. The first sedimentological
studies were performed mainly to analyse the sedimentary
continuity within the Ediacaran/Cambrian transitional depo-
sits to fix the boundary between these systems. The studies
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Fig. 2. A — Location of investigated boreholes, B — Location of the Lublin—Podlasie slope of the East European Craton
against a sketch-map of tectonic units of Poland, C — Lublin—Podlasie slope of the East European Craton
and the main tectonic units of Europe

provided data that enabled general identification of the sedi-
mentary environment representing a shallow epicontinental
basin possibly in the tidal zone (Jaworowski, 1978). The Edia-
caran/Cambrian transitional deposits from the Lublin slope of

the East European Craton were thoroughly investigated for
ichnological evidence to determine ichnocoenoses, their eco-

logical structure and relationships with environmental factors
(Paczesna, 1996).

GEOLOGICAL SETTING

The development of late Ediacaran sedimentary basins in

the western and southwestern margin of the East European
Craton, including the Lublin—Podlasie basin, occurred during
the final stage of supercontinental cycle representing the Ro-
dinia breakup. The Rodinia supercontinent started to form in
the late Mesoproterozoic ca. 1.2-1.0 Ga (Cawood et al.,

2007). During the Cryogenian, at ca. 800—700 Ma, Rodinia
started to dismember into smaller continental blocks. The East
European Craton formed the core of paleocontinent Baltica
after the breakup of Rodinia. In the present paper the term

Baltica is used in a wide terrane sense after Bogdanova et al.
(2008).
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Tectogenesis of the Lublin—Podlasie basin is associated
with the final stages of rifting which occurred in western
Baltica (East European Craton) during late Neoproterozoic
times about 600-550 Ma (Kumpulainen, Nystuen, 1985;
Vidal, Moczydtowska, 1995; Andréasson et al., 1998; Greil-
ing et al., 1999; Poprawa et al., 1999; Poprawa, Paczeséna,
2002; Jaworowski, Sikorska, 2003; Sliaupa et al., 2006;
Elming et al., 2007).

Atthose times, Baltica, Amazonia and Laurentia probably
separated from one another and the process of Rodinia break-
up finished (Cawood et al., 2007; Pease et al., 2008). As
the result, two systems of rift basins developed in western
Baltica during the Ediacaran. One of them was represented by
NW-SE-trending basins and was located along the western
margin of Baltica. The main stage of its evolution is dated at
the late Neoproterozoic (Poprawa, Paczesna, 2002; Jawo-
rowski, Sikorska, 2003; Pharaoh e al., 2006; Sliaupa e al.,
2006), however it presumably developed along pre-existing
Cryogenian zones (Pharaoh et al., 2006). The other basin
was represented by the Orsha—Volhyn aulacogen (Poza-
ryski, Kotanski, 1979; Poprawa, Pacze$na, 2002), also call-
ed the Volhyn—Central Russian aulacogen (Elming et al.,
2007). It trended NE-SW, obliquely to the western edge of
Baltica, and was one of the elements of the rift basin system
situated in the central part of the East European Craton be-
tween its western and eastern flank (Vidal, Moczydtowska,
1995; Pease et al., 2008). The Ediacaran basin of the Ors-
ha—Volhyn aulacogen developed along pre-existing rift struc-
tures (Elming et al., 2007) dated at 1.6-0.8 Ga (Bogdanova

etal.,2008). The late Ediacaran Lublin—Podlasie sedimentary
basin was situated at the crossing of the two above mentioned
rift basins (Poprawa, Paczesna, 2002) (Fig. 3).

The early major stages of Rodinia breakup and the related
rifting event took place in Baltica during the Cryogenian and
are dated at approximately 800700 Ma (Kumpulainen, Nys-
tuen, 1985; Pharaoh et al., 2006; Pease et al., 2008). They pre-
ceded the Gaskiers Glaciation dated at about 580 Ma (Bingen
et al.,2005). Sedimentary basins that developed as a result of
those rifting events occur in north-western Baltoscandia and
include the Vittern basin of southern Sweden and the Hed-
mark and Valdres basins of southern Norway (Pease ef al.,
2008). The Tanafjorden rifting basin of northern Norway de-
veloped on pre-existing late Cryogenian structures. Rifting
nature of those basins was related to the Rodinia breakup.
Their ages are determined by dating of mafic to ultramafic
rock complexes, indicating that the rifting process in Baltica
had not finished by approximately 620—550 Ma and may have
continued until the Ediacaran/Cambrian transition (e.g. Kum-
pulainen, Nystuen, 1985; Poprawa, Paczesna, 2002; Cawood
et al.,2007).

The development of passive continental margin at the wes-
tern edge of Baltica commenced during early Cambrian times.
It coincides with initial phases of the lapetus Ocean formation
(e.g. Siedlecka et al., 2004; Cawood et al., 2007).

The Cryogenian rifting event in the southwestern marginal
zone of Baltica (see Poprawa, Paczesna, 2002) is probably rep-
resented by the siliciclastic Polesie Formation deposited in tec-
tonic grabens (Mahnatsch et al., 1976). It is observed in

rift basins '7(

complexes N

[0}
%

&
\ Timanian age K2 (’/\O

Lublin—Podlasie slope

L of the East European Craton

SARMATIA
SCythian Plathrm
Caspian
ea
Black Sea
CADOMIAN ?

Fig. 3. The late Palaeoproterozoic to Neoproterozoic tectonic complexes of Baltica (East European Craton)
(according to Bogdanova et al., 2008; Pease et al., 2008, simplified)
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the Lublin—Podlasie basin under the late Ediacaran sedimen-
tary-volcanigenic complex. The formation represents the lo-
west 2nd order depositional sequence bounded at top and base
by angular unconformities (Paczesna, Poprawa, 2005a, b).
The basin under study is subdivided into the Lublin zone
(comprising a structural unit of the Lublin slope of the East
European Craton) and the Podlasie zone equivalent to the Pod-
lasie Depression (Fig. 2). Both these zones exhibited different
facies development during late Ediacaran to earliest Cam-
brian times. The facies variability was associated with both
the lack of synchronicity between rifting events in these basin
zones and unequal development of synrift depocentres (Pa-
czesna, 20006). In both these zones, a non-metamorphosed

sedimentary cover rests upon the Palacoproterozoic and Meso-
proterozoic crystalline basement, respectively (e.g. Malinow-
ski et al., 2005; Krzeminska et al., 2007).

The oldest deposits of the area are represented by the sili-
ciclastic Polesie Formation (Aren, 1982; Poprawa, Paczes$-
na, 2002) (Fig. 4). After a long period of intense erosion,
coarse-clastic deposits of the Zukéw Formation were deposit-
ed above the Polesie Formation (e.g. Juskowiakowa, 1971;
Aren, 1982; Poprawa, Pacze$na, 2002). The overlying Sta-
watycze Formation is represented by basalts, tuffs and epi-
clastic rocks. This sedimentary-volcanigenic complex rests
unconformably either upon the Polesie Formation deposits
in the central part of the basin or immediately upon the crys-

o o) ————
%’ shatl)low {na{rine
- £ carbonate to
Ordovician | 3 siliciclastic
& sedimentation post-rift
c T B thermal sag
E © of Baltica’s
8 2 passive margin
s (12
=
shallow marine
o = e siliciclastic
O | oo sedimentation
N | ©
o | =
[0 o
g5
m —
a | © g transition from
3 syn-rift to post-rift

subsidence

upwards

transition

from continental

to shallow marine

sedimentation

pa

~ TS late
volcanigenic Neoproterozoic
processes syn-rift volcanics

Neoproterozoic
Ediacaran

continental sedimentation

A

early/ middle continental to shallow 0 .
4 ; i ; ?early to middle
Neoproterozoic ?e%?r?% ﬁtlgﬂglnastlc S—_ Neoproterosoic

syn-rift deposits
Palaeo-/ Meso e crystalline g g
-proterozoic ~ .+ basement

basalts and tuffs

sandstones (with
conglomerates)

crystalline basement

- unconformity

% claystones

sandy shales

1 Polesie Formation 7 topiennik Formation
2 Zukoéw Formation 8 Wiodawa Formation
3 Stawatycze Formation 9 Mazowsze Formation
4 Teremiski Formation 10 Kaplonosy Formation
5 Siemiatycze Formation 11 Radzyn Formation
6 Biatopole Formation 12 Kostrzyn Formation

Fig. 4. Main tectonic stages of the Lublin—Podlasie basin evolution and facies development of the basin infill
(after Poprawa, Pacze$na, 2002, modified)
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talline basement in its north-ecastern and eastern areas (Fig. 5).
Volcanigenic deposits of the Lublin—Podlasie arca are a small
southwestern part of a large trap basalt province extending
outside the territory of Poland towards the east and south-
-east in western Ukraine, Moldova, Belarus and Russia, cov-
ering an area of approximately 200 000 km? (Ryka, 1984;
Rozanov, Lydka, 1987; Bogdanova et al., 1997; Elming
etal.,2007). Rifting nature of the late Ediacaran magmatism
was documented by geochemical investigations of basalts,
conducted by Biatowolska et al. (2002) and Krzeminska
(2005). Continental basalts infilled the tectonic grabens and
half-grabens that developed due to rifting processes during
the late Ediacaran final stage of Rodinia breakup (Poprawa,
Paczes$na, 2002; Paczes$na, 2006; Elming et al., 2007). Sedi-
mentary infill of the final stage of synrift phase is repre-
sented by continental deposits of the Siemiatycze Formation
and shallow marine sediments of the Biatopole, Lopiennik
and Wtodawa Formations (Fig. 5). In the northern part of
the Lublin slope of the East European Craton, alluvial de-
posits of the Siemiatycze Formation directly overlie the Pa-
lacoproterozoic crystalline basement (Malinowski et al.,
2005) (Fig. 5).

A depositional record of both the clastic deposits and
those accumulated due to rifting magmatic processes mani-

fested itself as the infill of successive synrift depocentres in
the late Ediacaran sedimentary basin (Pacze$na, 2006).

Except for a number of U-Pb, K/A and Ar/Ar radiometric
dating of volcanic deposits, there is no evidence for estab-
lishing precise stratigraphic position of the lower part of
the Ediacaran succession. The dating provided ages of about
551.0-590.0 Ma (Compston ef al., 1995; Velikanov, Koren-
chuk, 1997; Elming et al., 2007). The first biostratigraphic
unit was established in the uppermost Ediacaran. This is
the Vendotaenia—Sabellidites Zone, established on the base of
occurrence of characteristic specimens representing Cyano-
phyta and small shelly organisms, respectively. The Zone
comprises the Bialopole and Lopiennik formations and the
whole (e.g. Busowno IG 1 section) or only lower part (e.g.
Lopiennik IG 1, Biatopole IG 1, Terebin IG 5, Horodlo 1 and
Niwa 1 sections) of the Wiodawa Formation (Moczydtowska,
1991; Paczesna, 2007, 2008) (Fig. 5).

The upper boundary of the Ediacaran System is drawn
directly below the first occurrence of the trace fossil Tricho-
phycus pedum (Seilacher) within the lower part of the Platy-
solenites antiquissimus Zone representing the first biostra-
tigraphic zone of the Lower Cambrian (Paczes$na, 1989,
1996, 2008) (Fig. 5). According to the global standards, this
ichnogenus is considered an index taxon of the Lower Cam-
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brian (e.g. Landing, 1994; Geyer, Uchman, 1995; Paczes$na,
1996; Landing et al.,2007). The lower boundary of the Edia-
caran System runs at the base of the Stawatycze or Zukow
formations overlying either the crystalline basement (north-
-eastern region of the Podlasie Depression) or the (?) early
Neoproterozoic Polesie Formation (Lublin slope of the East
European Craton) along unconformity surfaces (Fig. 5).

In terms of sequence stratigraphy, two 2nd order depo-
sitional sequences (A and B) have been identified within
the Neoproterozoic sedimentary cover of the Lublin—Podlasie
basin (Fig. 6). Sequence A is the lowermost unit of the sedi-
mentary succession in the Lublin—Podlasie basin. It is defined
by major angular or erosional unconformities at the base and
top, respectively. Along the basal unconformity, clastic de-
posits of the Polesie Formation are underlain by the Palaeo-
proterozoic crystalline basement represented by granitoid,
syenite, gneiss and gabbro complexes (Malinowski et al.,
2005). Sequence A is composed of continental and shal-
low-marine clastics representing probably the early Neopro-
terozoic Polesie Formation. The late Ediacaran deposits, dis-
cussed in this report and represented by various types of both
volcanigenic and clastic rocks, are the lower part of the over-
lying depositional sequence B spanning the late Ediacaran

through Middle Cambrian time interval (Pacze$na, Poprawa,
2005a, b) (Fig. 6).

The Lublin slope of East European Craton was dipping
towards the south-west. Thickness of the synrift late Ediaca-
ran—early Cambrian deposits in wells does not exceed 1000 m
and continuously increases from the north-east towards
the south-west. The maximum thickness of the complete
Ediacaran succession (471.9 m), is observed in the Kaplo-
nosy IG 1 borehole located in the centre of the basin. In
the most subsiding, southwestern zone of the basin, the suc-
cession is over 436.5 m thick in the Lopiennik IG 1 borehole
because the drilling was stopped after boring through a small
part of the volcanigenic series. This fact suggests that the
succession is very thick in this well, probably exceeding
500—-700 m. In the Podlasie zone of the basin, thickness of
the Ediacaran deposits decreases towards the north-east to
reach 100-150 m in the Bialowieza region. The gradual
south-westward thickness increase is due to increased subsi-
dence in the basin marginal zone.

The deposits discussed in this report are currently hidden
under a cover of the Cambrian, Ordovician, Silurian, Upper
Palaeozoic, Mesozoic and Cenozoic formations. The cover
reaches the thickness of 4000 to 5000 m.

DATA AND RESEARCH METHODS

The fundamentals of all interpretations concerning clastic
facies analysis were based on detailed sedimentological and
ichnofacies logging of the late Ediacaran to early Cambrian
succession in 14 boreholes distributed across the Lublin—Pod-
lasie basin. In the Lublin region of the study area, these were
the following wells: Lopiennik IG 1, Terebin IG 5, Biatopole
IG 1, Horodlo 1, Niwa 1, Swigcica 1, Busowno IG 1, Kaplo-
nosy IG 1, Podedworze IG 2, Parczew IG 10 and Radzyn IG 1.
In the Podlasie region, the investigations focused on the Krzyze
IG 4, Mielnik IG 1 and Stadniki IG 1 sections (Fig. 2A).
The succession was 2459 m in thickness. The total length of
1753 m of cored intervals were described and thoroughly ana-
lysed (Tab. 1).

Detailed facies analyses were concentrated on the late
Ediacaran Biatopole Formation with its lateral equivalent
represented by the Siemiatycze Formation, and on the Lo-
piennik, Wiodawa and Mazowsze Formations (Fig. 5). In
Podedworze IG 2, the studied succession has not been pierced
because drilling was stopped within the Lopiennik Forma-
tion. The upper part of the Wlodawa Formation and the whole
Mazowsze Formation are lowermost Lower Cambrian.

Sedimentological and ichnological logging enabled the con-
struction of logs at scales of 1:100 and 1:200, which were
the basic material for all studies. Some sections of the se-
quence, in particular those very important for palacoenviron-
ments interpretations, were analysed at scales of 1:10 and
1:20. Facies and facies associations were identified in all
the investigated wells and indicated on the logs. Facies and fa-

Table 1

Thickness of the studied succession and core yield
in the investigated boreholes

Thickness
Borehole [r] Core yield
analysed cored (V]
succession intervals

Radzyn IG 1 209 209 100
Kaplonosy IG 1 233 233 100
Podedworze IG 2 110 110 100
Biatopole IG 1 230 230 100
Mielnik IG 1 18 18 100
Stadniki IG 1 4 4 100
Parczew IG 10 244 221 91
Lopiennik IG 1 371 295 79
Krzyze IG 4 81 50 63
Busowno IG 1 300 145 48
Terebin IG 5 260 116 45
Horodlo 1 230 42 18
Niwa 1 228 34 18
Swigcica 1 270 43 16
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cies associations were interpreted. Extents and distribution of
individual sedimentary environments are presented on ge-
neralized stratigraphic-facies logs prepared for each well at
the scale of 1:1000.

A high-resolution sequence stratigraphic analysis of the la-
te Ediacaran to early Cambrian succession was determined by
the existing drill core material for detailed facies analysis.
Such investigations were carried out on almost completely
cored boreholes drilled by the Polish Geological Institute in
the 1960s, trough the 1980s. These are the following wells:
Lopiennik IG 1, Biatopole IG 1, Terebin IG 5, Busowno IG 1,
Kaplonosy IG 1, Podedworze 1G 2, Radzyn IG 1 and Parczew
IG 10 located on the Lublin slope of the East European
Craton, and the Krzyze IG 4 and Mielnik IG 1 wells drilled in
the Podlasie Depression (Tab. 1). Unfortunately, material from
boreholes drilled in the north-eastern and eastern part of
the Podlasie Depression (Bialowieza region) is currently
lacking. It refers to the following wells: Skupowo IG 6, Waski
1G 2, Podborowisko IG 1, Iwanki Rohozy IG 1-4, Rajsk IG 1,
Zabtudow IG 1, Kruszyniany IG 1-6, Krynki IG 1, Terespol 1
and Biata Podlaska 1-2.

Much less drill core material has been acquired from wells
drilled by the Polish Oil and Gas Company. To identify
lithologies and sequence stratigraphic units, the wireline logs,
especially gamma ray curves, were analysed in the Niwa 1,

Swiecica 1 and Horodto 1 wells (Tab. 1). Detailed lithological
interpretation of uncored intervals was based on 1:500 scale
gamma ray logs. Gamma ray curves were also used to identify
coarsening-upwards progradational and fining-upwards re-
trogradational cycles, as well as the parasequence boundaries.
Aggradational cycles, characterised by block-shaped gamma
ray curves, have been identified in the Lower Cambrian of some
sections. Despite the fact that the gamma ray curves represent
a continuous stratigraphical record and reflect trends in grain-
-size changes, it must be stressed that the interpretations of sedi-
mentary environments and resulting sequence stratigraphic units
cannot be considered unambiguous. Data on the facies develop-
ment acquired as a result of the above-characterised activities
were subsequently calibrated to data obtained from direct sedi-
mentological logging of the existing drill cores.

In order to visualize the phases of evolution of the estua-
rine system a set of combined facies maps and isochore maps
was constructed. The facies maps are based on lithological,
sedimentological and ichnological data obtained from de-
tailed investigations of cored intervals of borehole sections.
These informations are combined with log interpretatation for
uncored intervals of the sections. The facies interpretations
are superimposed on isochore maps of the six parasequences
PS1-PS6. Each parasequence marks the distinct stage of fa-
cies development of estuary.

FACIES - TERMINOLOGY AND DESCRIPTION

When determining individual facies types, the classical
definition of facies (Gressly, 1838) was used. The facies is
understood as a set of characteristics of sedimentary rock, al-
lowing reconstruction of depositional processes and sedi-
mentary environments in terms of both lithology (litho-
facies) and organic composition of rocks (biofacies). In the
present report, biofacies types are based on the presence of
specific trace fossils. Individual facies are jointed in charac-
teristic vertical and lateral facies associations because they
represent various types of depositional events that frequent-
ly occur together in the same overall depositional environ-
ment. If distinct facies is interpreted in terms of the pro-
cesses which led to the formation of the sediment, facies as-
sociations reflect combinations of processes and therefore
environments of deposition.

The facies symbols have been adopted from standard
lithofacies codes of Miall (1977, 2000). Each facies code
consists of two main elements (Tab. 2). The first element of
symbols denotes textural features: capital letters for grain size
(G — conglomerates, SC — coarse-grained sandstones, SF' —
fine-grained sandstones, SM — medium-grained sandstones,
F —mudstones and claystones). The second element is a sym-
bol of structural features: sedimentary structures and trace
fossils are denoted by a lowercase letter. Types of sedimen-
tary structures and high frequency of trace fossils are des-
cribed by the following symbols: m — massive, structureless
deposits, / — low-angle planar, large scale cross-bedding, p —

high-angle planar, large scale cross-bedding, # — horizontal
stratification or lamination, » — ripple cross-lamination, f —
flaser lamination, o — lenticular lamination, w — wave lamina-
tion, x — various types of cross-bedding unidentifiable in drill
core, t —abundant trace fossils. For example, the symbol SFi¢
denotes fine-grained sandstones with low-angle planar cross-
-bedding and abundant trace fossils. Two new symbols have
also been introduced to accentuate specific facies features of
the analysed material: Fh —very thinly laminated fine-grained
sandstone-mudstone-claystone heterolith and FS — thinly
bedded fine-grained sandstone-mudstone or sandstone-clay-
stone heterolith (Tab. 2). In both the symbols the letter F de-
notes fine-grained texture of heteroliths, the letter / indicates
laminated structure of the deposit. The letter S in the symbol
F'S denotes sandstone as a stable element of sandstone-mud-
stone and sandstone-claystone heteroliths.

The terminology and classification of sedimentary struc-
tures described in this report require a brief comment because
there are no standards in this field. In determining and describ-
ing the origin of individual structures, terminology and classifi-
cation of Zielinski (1998) was used, as it is very clear and co-
herent. The Zielinski’s terminology clearly defines and makes
a distinction between cross-lamination and cross-bedding, re-
ferring the latter to the structures that developed from migra-
tion, lateral accretion and burial of large sea-floor landforms of
up to 6.0 cm in height. The terminology also takes into consid-
eration different genetic aspects of the structures. Cross-lami-
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Table

Facies identified in the latemost Ediacaran and earlymost Lower Cambrian deposits

Facies
type Lithology, lithologic components, sedimentary structures Trace fossils
(code)
1 2 3
Massive conglomerates, grain-supported to matrix-supported, composed of poorly
Gm and well-rounded dark grey quartz, angular pink feldspar or well-rounded claystone absent
and mudstone clasts within sandy matrix. Bed thickness: 0.15-2.0 m
Conglomerates, grain-supported with low-angle (10—15°) cross-bedding, composed
Gl of honey-coloured quartz clasts. Clasts are well rounded, 0.5 to 1.0 cm in diameter. absent
Bed thickness: 0.25-11.0 m
sc Very coarse-grained sandstones, massive, containing quartz grains, up to 0.5 cm in diameter absent
or quartz and feldspar grains. Bed thickness: 0.2—-6.0 m
Coarse-grained sandstones with low-angle (10-12°) planar cross-bedding.
sct Bed thickness: 0.5-4.0 m absent
SCh Coarse-grained sandstones, horizontally stratified. Bed thickness: 0.3-0.4 m absent
Coarse-grained sandstones with high-angle large scale cross-bedding (30-40°).
SCp Bed thickness: 0.25-6.0 m absent
SCr Coarse-grained sandstones with ripple cross-lamination. Bed thickness: 0.4-0.5 m absent
SCm Massive coarse-grained sandstones. Bed thickness: 0.4-3.0 m absent
Su Massive medium-grained sandstones, rare feldspar and quartz grains 0.3—-0.5 cm in diameter. absent
Bed thickness: 0.5-1.0 m
3 1 1 1 - o
Sl Medlutp-gramed sandstones with large-scale low-angle planar bedding (10-15°). absent
Bed thickness: 1.0-1.5 m
SMr Medium-grained sandstones with ripple cross-lamination. Bed thickness: 2.0-4.0 m absent
Massive fine-grained sandstones with rare quartz grains 0.4—0.8 cm in diameter.
Skm Bed thickness: 0.3-8.0 m absent
SFI Fine-grained sandstones with low-angle planar cross-bedding (10—15°), brownish absent
or variegated in colour. Bed thickness: 0.2-2.0 m
Skolithos isp.
SFh Fine-grained sandstones, horizontally stratified. Rare trace fossils. Bed thickness: 0.5-1.5 m onnos 1sp- .
Monocraterion 1sp.
) ) ] o ) Planolites beverleyensis
SFht Very ﬁne-gralned sandstones with horizontal lamination. Very abundant trace fossils. Teichichnus rectus
Bed thickness: 0.5-5.0 m
Neonereites uniserialis
Fine-grained sandstones with low-angle (10—15°) planar cross- bedding. Very abundant Lo
SFlt trace fossils. Bed thickness: 0.5-4.0 m Monocraterion isp.
SFp Fine-grained sandstones, high-angle (25— 40°) planar cross-bedding. Bed thickness: 2-9 m Monocraterion isp.
Monocraterion isp.
Palaeophycus isp.
) ) o o ) ) Rosselia isp.
SFrt Fine-grained sandstones with ripple cross-lamination, lamina sets 0.5-2.0 cm thick. Divlocraterion is
Very abundant trace fossils. Bed thickness: 0.5-4.0 m P P-
Bergauria major
Bergauria irregulara
Teichichnus rectus
SFr Fine-grained sandstones with ripple cross-lamination. Bed thickness: 0.25-0.30 m absent
SEf Fine-grained sandstones with flaser lamination. Bed thickness: 0.30-4.0 m absent
SFo Fine-grained sandstones with lenticular lamination. Bed thickness: 0.15-0.20 m absent
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Table 2 cont.

1 2 3
SFw Fine-grained sandstones with wavy lamination. Bed thickness: 0.15-0.30 m absent
Planolites montanus
S Fine-medium and coarse-grained sandstones with various types of cross-bedding. Bedding Monocraterion isp.
types unrecognized in the drill core. Very abundant glauconite. Bed thickness: 0.5-2.0 m escape structures
Planolites beverleyensis
Teichichnus rectus
Teichichnus isp.
Planolites montanus
) ) ) Bergaueria major
Thinly bedded fine-grained sandstone—mudstone and sandstone—claystone heterolith, bed Palacophveus is
FS thickness from 2 to 15 cm. Abundant flaser lamination in sandstone beds, rare lenticular and ) P y p-
horizontal lamination. Abundant trace fossils Skolithos isp.
Bergaueria isp.
Diplocraterion isp.
Treptichnus bifurcus
Gyrolithes polonicus
Planolites montanus
Very thinly laminated fine-grained sandstone—mudstone—claystone heterolith, lamina Torrowangea rosei
thickness belovxf 1 mm, horizontal and flaser latpination, rare lenticular or wavy lamination, Palaeopascichnus delicatus
numerous reactivation surfaces and 5-25 cm thick fine-grained sandstone interbeds. .
Fh . . . . Gordia isp.
Numerous small pyrite concretions. Very abundant Cyanophyta Vendotaenia antiqua i .
forma secunda and Vendotaenia antiqua forma tertia. Very small diameter of burrows Cochlichnus isp.
of deposit-feeders, up to 1 mm Helminthopsis irregularis
Bilinichnus simplex
Dark grey, variegated, greenish and cherry massive mudstones and claystones with very rare
F fine-grained sandstone interbeds (5-10 cm thick) and numerous pyrite layers and concretions. | absent
In black claystones very abundant Cyanophyta Vendotaenia antiqua forma quarta

nation is formed in the lower part of lower flow regime and
represents low-energy structures. Cross-bedding is produced in
the upper part of lower flow regime or even in the upper flow
regime of high-energy flow. A similar discrimination was
made as for horizontal lamination, which forms in the lowest

energy conditions, and horizontal bedding which is produced
in the high energy flow. In this article, the terminology of hori-
zontally thinly laminated sandstone-mudstone-claystone he-
teroliths was adopted from Gradzinski and Doktor (1996).

DEPOSITIONAL SYSTEMS

A depositional system is an uninterrupted set of depositio-
nal process-related sedimentary environments. Active modern
and ancient systems are abandoned and buried and become
three-dimensional rock bodies (assemblages of lithofacies)
with defined areal extent and stratigraphic thickness (after Al-
len, Allen, 1990; Emery, Myers, 1996; Galloway, Hobday,
1996; Pienkowski, 2004).

The definition of a depositional system does not involve
all aspects of facies analysis, focusing exclusively on litho-
facies aspects directly related to the sediment. An essential
addition is the introduction of a biological element. To adapt
the definition of a depositional system to the requirements of
the present report, it has been assumed that biological aspects

of facies analysis are represented by trace fossils (Pacze$na,
2001) which are the tool of ichnofacies analysis.

Depositional systems were defined based on both facies
associations determining their classification and deposi-
tional processes which were crucial for their development.
The names of individual systems were established based on
either the dominant sedimentary environment or assem-
blages of sedimentary environments. Sedimentary struc-
tures and accessory lithologic components (sedimentolo-
gical analysis) as well as trace fossils (ichnofacies analysis)
were the main tools used in determining sedimentary envi-
ronments.
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Fig. 7. Braided and anastomosed fluvial style. A — distal to middle reaches sand-dominated braided river system
(after Miall, 1996), B — anastomosed system river with low sinusoity, branching channels and floodplain with crevasse splays
(after Smith, 1983; Miall, 1996)

Two groups of depositional systems have been identified
within the investigated siliciclastic succesion: alluvial, estua-
rine, and open coast system.

The following depositional systems have been recognized
in the group of alluvial systems:

Alluvial fan. An alluvial fan typically is cone-shaped
piles of detritus with channels of streams radiating from
the apex. The majority of alluvial fans form at the break in
slope at the edge of an alluvial plain or at the foot of highlands
where streams confined by valley walls emerge into an adja-
cent lowland. Alluvial fans are composed of two types of sedi-
ment: deposit gravity flows and braided stream deposits and
are very frequent in arid and semi-arid regions.

Braidplain. A braidplain is a relatively large, flat area
with a constant slope, formed by the deposition of sediment
over a long period of time by one or more braided rivers
(Fig. 7A). The braidplain representing the region over which
the braided channels and floodplains have shifted over geo-
logical time.

Anastomosed alluvial plain. An anastomosed alluvial
plain is a large, plane area, created by the deposition of sedi-
ment over a long period of time by one or more anastomosed

system rivers (Fig. 7B). To accumulate and preserve anasto-
mosed river deposits low gradient and subsidence of the al-
luvial plain has to be maintained for considerable geological
time.

The range of depositional systems representing sedimen-
tation in the estuary and in its individual segments is given af-
ter Dalrymple et al. (1992), Einsele (2000) and Dalrymple,
Choi (2007). The group of estuarine systems consists of
the following depositional systems:

Tidal flat. A tidal flat are smooth, seaward-dipping sur-
faces dissected by tidal channels and form stretches of shore-
line in all tidal settings. They can comprise a large part of
estuaries (Fig. 8A, B), lagoon, bays, delta plains, or mangrove
swamps. The nature and extent of tidal flats depends on tidal
range, wave power, shoreline gradient and the amount and
type of available sediment. Tidal flats are most widespread in
macrotidal settings (Fig. 8A). Tidal flats can be divided into
three parts: supratidal zone above normal high tide level,
intertidal zone between high and low tides level and subtidal
zone below low tide level. Intertidal zone can be subdivided
into three parts from lower to higher elevated areas: sandflat,
mixed sand-mudflat and mudflat (Fig. 8A).
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Bay-head delta. A bay-head delta is a complex association
of geomorphological settings, sediment types, at the point
where a freshwater source enters an estuarine water body. At
the mouth of the river channel, the flow velocity is abruptly
reduced as the river water enters the standing water a central
basin in the wave-dominated estuary (Fig. 8C, D). The river
channel mouth is the site of deposition of bedload material.

Central bay and estuary mouth. A central bay is uni-
form, lower energy environment in the deeper and quieter part

of estuary and is formed landward of barrier bar deposits in
wave-dominated estuaries (Fig. 8C, D). Central bay typically
comprise organic-rich mud and sandy mud. Concentrations of
organic material are very high, causing a black to dark
appearance in the sediment.

Open coast depositional system. Two main nearshore
environmental zones of the open coast have been established
by MacEachern, Pemberton (1992): shoreface extending be-
tween mean low water and minimum (fairweather) wave
base, and offshore encompassing the zone extending between
minimum (fairweather) wave base and maximum (storm-
-weather) wave base. The shoreface is a seaward sloping,
sandstone depositional wedge. It is subdivided (from seaward
to landward) into a lower, middle and upper shoreface. The lo-
wer shoreface is situated between fairweather (normal wave
base) and maximum wave base (storm wave base). The middle
shoreface extends over the zone of shoaling and breaking
waves. The upper shoreface is located in the high energy surf
zone. The offshore zone lie below minimum (fairweather)
wave base and above maximum (storm-weather) wave base.
The offshore are subdividied into two subzones: lower lies di-
rectly above maximum wave base and upper extends directly
below minimum wave base (Fig. 9).

GROUP OF ALLUVIAL DEPOSITIONAL SYSTEMS

Alluvial fan depositional system

Description. The facies spectrum of alluvial fans was
found only in the Parczew IG 10 section. It is dominated by
conglomerate facies G/ (Fig. 10B). The monomictic con-
glomerates are composed of poorly rounded quartz clasts (ca.
1-5 cm in diameter) and fragments of granitoid rocks of
the crystalline basement. The clasts are embedded in a sand-
stone matrix. Coarse-grained sandstone facies SCm is subor-
dinate; it is represented by thin layers within conglomerate fa-
cies GI. The conglomerate bed overlies very coarse-grained
sandstones of facies SC/ containing distinctly developed low-
-angle cross-bedding.

Interpretation. The angularity of clasts indicate a very
short transport of clastic material in the environment of
sheetfloods and braided streams periodically flowing across
the fan surface. Facies SCI and SCm are associated with upper
flow regime conditions. They reflect strong flows in shallow
braided channels that developed on the alluvial fan surface.
The alluvial fan setting immediately overlies the crystalline
basement. The following facies succession is observed in
the lowermost part of section: SCI—-SCm—GI—SCI—Gl
(Fig. 10B). The succession shows coarsening-upward grain-
-size grading. Coarsening-upward cycles are typical of pro-
grading alluvial fan lobes in their proximal parts (Lopez-
-Blanco, 1993; Blair, McPherson, 1994; Lopez-Blanco et al.,
2000; Rasmussen, 2000).

Alluvial fan depositional system is best developed in
the north-eastern region of the Lublin—Podlasie basin near

Biatowieza. Alluvial fan deposits, were encountered in
the Iwanki Rohozy 1G 3, Skupowo IG 6, Rajsk IG 1 and Pod-
borowisko IG 1 sections. Unfortunately, the sections are cur-
rently unavailable for investigations because the drill cores
have been discarded. The conclusions about the origin of
the deposits have been inferred from desccriptions given in
a number of publications (e.g. Znosko, 1965) and archival
materials. The alluvial fan origin is suggested by an increased
content of polymictic conglomerates showing neither grain
rounding nor clast segregation, and by the presence of cross-
-bedded coarse-grained sandstones in the deposits. The con-
glomerates can represent debris flow deposition, whereas
the sandstones were deposited from sheetfloods or braided
streams flowing across the fan surface (Paczesna, 2006).

Braidplain depositional system
Braided channels facies association

Description. The coarsest grained deposits are reported in
the sections located near the source area represented by
the crystalline basement elevations. In the north-eastern re-
gion of the basin (Krzyze IG 4 section), very coarse-grained
arkosic sandstone facies SC is represented by 0.2—6.0 m thick
sets. Most of the section is represented by packages of me-
dium-grained sandstone facies SM and SM!. Fine-grained fa-
cies are represented by sandstone facies SFm and SFh. Fine-
-grained sandstone beds are much thinner as compared with
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coarse-grained sandstone beds, ranging from 0.3 m up to
3.0 m. Fine-grained sandstone facies SFr is subordinate in
the sections, forming 0.3 m thick packages. In the central part
of the basin, coarse-grained facies SCI, SCx, SCm occur in
the Kaplonosy IG 1. Coarse-grained sandstones and con-
glomerates form 0.5 to 3.0 m thick packages. Sandstone fa-
cies SMr and SM! occur in 2 to 4 m thick beds. Fine-grained
sandstone facies SFm are subordinate and represented by
0.2 to 0.5 m thick layers. Another coarse-grained fluvial suc-
cession occurs in the Parczew 1G 10. It is composed mainly of
conglomerate facies G/, and very coarse-grained sandstone
facies SC, SCm and SCI. Medium-grained sandstone facies
SM is subordinate and forms a rare, 2.5 m thick bed. Fine-
-grained sandstones are represented by facies SFr forming nu-
merous very thin packages ranging from 0.2 to 0.3 m in thick-
ness. Sandstone facies SFm occurs in a single 1 m thick layers
in the upper part of the section. Facies SCm, SCI and SMI are
dominant in the middle of the interval and are represented by
0.5 to 1.0 m thick beds. In the cored, lower part of the Bu-
sowno IG 1 section, coarse-grained facies SC/ and Gm pre-
dominate in 0.5 to 3.0 m thick beds. Fine-grained sandstone
facies Sfm is subordinate.

Interpretation. The group of sections represents a range of
very coarse-grained facies types includes the sections of
Krzyze 1G 4, Kaplonosy IG 1, Parczew IG 10 and Buséwno
IG 1, dominated by very coarse-grained arkosic sandstone fa-
cies SC, SCm, SCI and SCx (Figs. 10, 11, 12C, 13A). Fine-
-grained facies SFm and SFh occur in lower proportions. Sedi-
ments representing facies SC, SCm and SM were accumulated
under upper flow regime from tractional deposition in upper
planar bed conditions (Zielinski, 1998; Eriksson et al., 2006).
Facies SMI and SFh may represent deposition of low mega-
ripples or antidunes.

An extremely high percentage of very coarse-grained
arkosic sandstone facies is observed in the Krzyze IG 4 sec-
tion. This section is characterised by the occurrence of re-
peated facies suits, most probably corresponding to succes-
sive braided fluvial cycles (Fig. 10A). Cyclicity of deposi-
tional processes in braided rivers is less distinctly pronounced
as compared with meandering rivers. Braided river cycles are
also more often incompletely developed (Miall, 1996; Zielin-
ski, 1998). The following vertical facies successions are ob-
served in the Krzyze IG 4 section:

SC—SFm —SFI (channel);
SC —SMI (channel) -»SFm—SMI (floodplain);

Gm—SM—F (channel) -SC—F (channel) -SC—F
(channel) -SC—F (channel) ->SFm—SC—SFr
(floodplain).

The two first vertical successions represent a record of
mid-channel transverse bars in a shallow braided-river chan-
nel under very intense sand accumulation during an abrupt
drop of flood water level. Bar deposition occurs when flow
decelerates. In general, both the successions are a record of
decreasing energy flow in a braided river channel. The third
succession represents a transverse bar with a record of de-

clining flow in the channel. The declining flow resulted in
deposition of a mud layer (facies F). Another interpretation
for the origin of mudstone facies F is that it was deposited in
a stagnant, abandoned inter-bar channel where the mud par-
ticles were deposited from suspension (Lindsey, Gaylord,
1992). The average thickness of one-member cycles com-
posed of only coarse-grained channel deposits is 4.1 m.
Similar variability of the braided channel-fills has been ob-
served in the late Ediacaran Tanafjord—Varangerfjord sedi-
mentary basin, northern Norway (Ree, Hermansen, 1993).

In the lowermost part of the Krzyze 1G 4 section uncom-
plicated channel fills are predominant, corresponding to
a single depositional event resulting in the formation of
asingle transverse bar (Fig. 10A). Thickness of such channel
fills is small, up to 2.5 m. The upper part of the section is
composed of four overlying packages of sandstone facies SC
and F. Poorly developed erosional surfaces are observed at
the bases of sandstone packages of facies SC. Their presence
suggests four individual depositional and erosional events.
These depositional processes resulted in the formation of
four transverse bars, each followed by periods of flow cessa-
tion. The above-characterised pattern of the channels indi-
cates that these were multi-storey sandy channel fills (Miall,
1996; Ray, Chakraborty, 2002; Paredes ef al., 2007) (Fig.
10A). They are typical of large braided rivers (Komatsubara,
2004).

In the Parczew IG 10 section, an alluvial fan succession is
overlain by three fluvial cycles (Fig. 10B). The following ver-
tical facies successions have been identified there:

SC (channel) »SFr—SC—SFr—SC—SFr—SC (flood-
plain);

SCm—Gm—SFr—SCh—Gm—SM (channel)—F—SFm
—F—SFr— (floodplain);

SCm—SMI (channel);
SCI—-SM—SFm (channel);
SC (channel) ->SFm—SCx—SFm—SCx—F (floodplain).

The first cycle represents a simple channel fill. The two
next cycles are multi-storey channel fills. Each channel is
bounded at the base by an erosional surface (Fig. 10B). Aver-
age thickness of channel cycles in the Parczew IG 10 section
is small, suggesting a channel depth of 3—4 m. Similarly small
channel depths are observed in many modern braided rivers.
An example of the Sagavanirktok braided river from Alaska
indicates channel depths between 2.8 and 3.2 m (Lunt, Brid-
ge, 2004; Lunt et al., 2004). Another example comes from
the Calamus River, Nebraska, USA, where the depth of
the main channel is below 1 m. The depth of the main channel
of the South Saskatchewan River, Rocky Mountains, Canada,
is 2-5 m (Sambrook Smith ez al., 2005, 2006).

Fluvial sections of the Krzyze IG 1(Fig. 11B) and Parczew
IG 10 contain massive sandstone facies SC and SCm alternat-
ing with planar, low-angle cross-bedded sandstone facies
SCI, SMI or, rarely, SFh (Fig. 11A, C, D). It suggests the de-
posits orginated from hyperconcentrated flood flows and up-
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Fig. 11. Channel deposits of braided rivers typical of coarse-grained fluvial successions, late Ediacaran,
Siemiatycze Formation

A — very coarse-grained sandstone with single quartz and mudstone clasts distributed along poorly marked cross-bedding, Parczew 1G 10 borehole, depth
2290.0 m; B — at the base of the core sample a polymictic conglomerate passing up into very coarse arkosic sandstone, Krzyze IG 4 borehole, depth 762 m;
C — large-scale cross-bedded fine-grained sandstone, Kaplonosy IG 1 borehole, depth 1412 m; D — at the base of the core sample a polymictic large-scale
cross-bedded conglomerate passing up into large-scale cross-bedded coarse-grained sandstone, Kaplonosy IG 1 borehole, depth 1408.8 m
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perregime flow conditions. Both these processes are associat-
ed with waning stages of major floods. They are commonly
observed in the Precambrian successions of proximal, epheme-
ral streams and braided rivers flowing down over the surface
of alluvial fans (Bhattacharyya, Morad, 1993; Long, 2004;
Eriksson et al., 2006). This interpretation is supported by
the presence of alluvial fan succession in the lowermost part
of the alluvial interval in the Parczew IG 10. In the Krzyze
1G 4 section, the occurrence of massive sandstones alternat-
ing with planar cross-bedded sandstones could result from de-
position in distal parts of an alluvial fan.

Four cycles occur in the lowermost, cored interval of
the Busowno IG 1 section (Figs. 12C):

SCI—SCr (channel);
Gm— (channel) F—SFm (floodplain);
SCm—Gm— (channel) —SFh (floodplain);

Gm—SFI (channel) ->SCI—->SFm—SCI—->SFm—SCI
(floodplain).

The occurrence of simple cycles indicates waning flow
energy in the shallow channels filled with conglomerates and
coarse-grained sandstones (Fig. 13A). The average thickness
of coarse-grained channel deposits of the cycles is below 2 m.

Four cycles have been identified in the Kaplonosy IG 1
borehole section drilled in the centre of the basin (Fig. 10C).
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Fig. 13. Braided channel and floodplain deposits typical of distal braided sand-bed river successions, late Ediacaran,
Siemiatycze Formation, Busowno IG 1 borehole

A —massive polymictic conglomerate, braided channel facies association, depth 3745.0 m; B-D — large-scale low-angle cross-bedded fine-grained sandstone,
depth: 3750.0 m (B), 3750.9 m (C), 3752.0 m (D), braided floodplain facies association

Each of the cycle is composed of the following facies succes-
sion (from the base to the top):

Gl—SCI—SMI (channel);
Gm—SCI (channel) -»SFm—F—SFm (floodplain);

SCI—-SCm—SCx (channel) ->SFm—SCx—SFm—SCx
—SFm—SCx—Sfm—SCx—SMx—SCx—SMx (flood-
plain).

Channel members of the first two cycles are composed
completely of high-energy facies deposited in supercritical
flow conditions. Channel member of the third cycle is char-

acterised initially by similar, high-energy hydrodynamic
conditions. It is suggested by the presence of coarsed-grain-
ed sandstone facies SC/ and SCm. The appearance of SCx fa-
cies in the uppermost part of the channel member probably
resulted from decreasing flow energy when the flood surge
recedes. The average thickness of the channel part of the
cycles is 4.5 m.

No facies packages typical of inter-bar channels are ob-
served in the above discussed fluvial sections. This fact was
determined by the type of geological material available for re-
search. Inter-bar channels are characterised by trough cross-
-bedded cosets. Another typical feature of the depositional
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environment is a sequence of trough cross-bedded sandstone
facies grading upwards into sandstones facies containing
horizontal stratification or ripple cross lamination (Zielinski,
1998). The presence of trough cross-bedded sets is very diffi-
cult or even impossible for identification in investigated drill
cores due to a limited observation field and, commonly, poor
condition of drill cores.

Channel deposits bear features of typical distal to middle
reaches sand-bed braided channels (Fig. 7A). Their braided
nature is confirmed by diagnostic features, including com-
monness of index coarse-grained facies represented by very
coarse-grained sandstones and conglomerates. Another im-
portant diagnostic feature is the occurrence of planar low-
-angle cross-bedding. Planar low-angle cross-bedding is an
indicator of transverse bars in shallow braided-river channels.
The average thickness of sandstone facies SCI/ and SM1 varies
from 1.5 to 1.6 m. It indicates a relatively small depth of
the channels. Transverse bars are depositional megaforms
typical of braided sand-bed rivers with very strong aggrada-
tion of the river bed (Zielinski, 1993; Miall, 1996). The pres-
ence of massive coarse-grained sandstone facies SC, SM and
SCm representing supercritical flow conditions suggests de-
position in high-energy braided sand-bed rivers with strong
aggradation of the river bed.

The prominent factor for stimulating the braided river sys-
tem development was the late Ediacaran climate favouring
chemical and physical weathering. As a result of strong ero-
sional processes, loose detrital material accumulated in allu-
vial drainage basins. Lack of plant cover favoured mobilisa-
tion of material eroded on topographic highs. All these factors
resulted in a continuous supply of coarse-grained material to
the braided rivers and streams, which built transverse bars of
braided channels.

Braided floodplain facies association

Description. The braided floodplain association is repre-
sented by a relatively narrow range of facies types. The most
common are facies SFm and F. There is a dependence of
quantitative contribution of coarse- and fine-grained facies in
individual cycles upon location within the sedimentary basin.
Those sections, where braided channels are composed of very
coarse-grained deposits, typically contain coarser-grained se-
diments accumulated on a braided floodplain and commonly
representing facies SC, SCx and SCm. They are interbedded
with fine-grained sandstone facies SFm, SFr, SFf or F.
The braided floodplain deposits are commonly thin, ranging
from 1.0 to 3.5 m.

Interpretation. The frequent facies SC, SCx and relative
high frequency of ripple facies of the braided floodplain sug-
gest influence of active channel depositional processes onto
its area at times of very large flood surges. The interbedding
of cross-bedded and massive coarse-grained sandstones with
massive fine-grained sandstones or ripple cross-laminated
sandstones seems to confirm the occurrence of the process
(Zielinski, 1998; Allen, Fielding, 2007). Such process is sug-
gested by the presence of the following facies suites:

SC— (channel) > F—-SC—F—SC—F—SC— (flood-
plain) in the Krzyze IG 1 section (Fig. 14C);

SCI (channel) ->SFm—SCx—SFm—SCx—SFm—Scx
—SFm—SCx—SMx—SCx—SMx (floodplain) in the Ka-
plonosy IG 1 section (Fig. 14A);

Gm—SFI (channel) ->SCI—-SFm—SCI—-SFm—SCI
(floodplain) in the Buséwno IG 1 section (Figs. 12C,
13B-D);

SC (channel) -SFr—SC—SFr—SC—SFr—SC—SCm
(floodplain) in the Parczew IG 10 section (Fig. 14B).

The interbedding of relatively thin layers of fine-grained
sandstone facies SFm and SFr with mudstone facies £, centi-
metres to decimetres thick is observed in Parczew IG 10 and is
characteristic of distal parts of braided floodplains. It is ob-
served, for example, in the late Permian braided systems of
Queensland, Australia (Allen, Fielding, 2007) and the lower-
most Lower Cambrian braided floodplains of the Mojave
Desert, California (Fedo, Cooper, 1990).

All the above discussed braided floodplain successions
are typical for a distal floodplain. It should be stressed that
braided floodplains of the rivers were not extensive. Compa-
red with a few hundred metres wide river channels, the braid-
ed floodplains accounted for merely several percent of the width
of the entire braided fluvial system. Contribution of the thick-
ness of very fine-grained facies, especially mudstones and
claystones, to the total thickness of floodplain deposits was
also small. They accounted for 0% to 20% of all fine-grained
components of the floodplain, represented mostly by fine-
-grained sandstone facies SFm. These percentages od mud-
stone—claystone deposits in the floodplain successions are
one of the indicators confirming the braided nature of the late
Ediacaran rivers in the basin.

Anastomosed alluvial plain depositional system
Anastomosed river channel facies association

Description. In the south of the central part of the Lub-
lin—Podlasie basin, a group of fluvial sections dominated with
fine-grained sandstone facies have been distinguished in
the Swigcica 1 and Niwa 1 sections (Fig. 12A, B). Fine-
-grained deposits occur also in the Radzyn IG 1 and Mielnik
IG 1 (Fig. 15A, B). Very fine-grained deposits, represented
mainly by mudstones and rarely claystones of facies " occur
in numerous 0.2 to 1.0 m thick beds. Most of the sections is
represented by packages of fine-grained sandstone facies SF/
and SFm. Sandstone facies SFI forming 0.5 to 6.0 m thick
packages. Sandstone facies SFm occurs in 0.5 to 3.5 m thick
layers. Facies SFr, SFf and SFo are rare, forming packages
0.3 to 2.0 m thick packages. Fine-grained sandstone facies
SFh are subordinate and represented by 0.5 to 1.0 m thick
layers. Sandstone facies SM and SM! occur in 2 to 4 m thick
beds. Medium-grained sandstone facies SM forms 0.5 to
2.5 mthick bed. In the Radzyn IG 1 facies SCm and SC/ occur
in the middle of the interval and are represented by 1.0 to



26

Depositional systems

KAPLONOSY IG 1

Grain size
Sc
m G
1415 1
(ml] floodplain
SEmegy
SFmSCX
SCm
2m o7
ScCl channel
>
0
1423
SWIECICA 1
Grain size
Tk
|
S S
SFf
=z SFr
F
SEr=> SFo
— SFr
SFTO%OOSFO
SFoloooo
F .
SEh= floodplain
SFm
sF1 72| channel
B
=
SFr floodplain
SFm
Prs
4m
=
SFI__ | channel
0 =7
2531

PARCZEW IG 10 KRZYZE IG 4
Grain size Grain size
S
i o1 5
2291 — 744 1]
[m] [ —chaNNE! m| sc floodplain
SFrsl__ floodplain 2™ F SC
F SC
SFEr7]
2m SEra] 0 SC channel
747
0 SC channel
2298
RADZYN IG 1
Grain size
Sf_Sc
TN eSS
1646
m] == Sfm
Sfm
F
Sfm
Sfm
£ S
m .
F floodplain
Sfm
F
= Sfm
= Sfm
Sfm
Sfm
F
Sfm
2m =
SCm
SMI 57
o SFh — channel
1658,5 A {IJ

Fig. 14. Facies successions of braided and anastomosed system river floodplains. A—C — braided floodplain,
D, E — anastomosed river floodplain

For explanations of grain size, sedimentary structures and facies code see Fig. 10



Group of alluvial depositional systems 27

RADZYN IG 1 MIELNIK IG 1
Grain size Grain size
Sf Sc
cmESCs CM Sm G
16464—L 1 11 1 15834——L |11 |
[m] E SFm [m]
= SFm SFm channel
F SFm
SFm E
E F SFm
= SFm
= 7SFr floodplain =Em _
1 SFm floodplain
F
= 1 SFm SM
SFm
F
= SFm SFr
SFm
= SCm
SCm channel channel
SMI o7 SS('::T —
SFh —| channel
SCI 7 SFh channel
F
= £ SFm SFm
FSFm . floodplain
= floodplain
SFm SM
SFm
= SFm SMi
SM channel SCm
channel
c 7
SFm SCl
SFm
SEM floodplain 2m SCI
SFm
F channel
2m SFm | 0
1601
SM channel
0
1669

Fig. 15. Facies architecture of anastomosed system river successions in the Radzyn IG 1 and Mielnik IG 1
borehole sections. Note single-storey channel fills in the both presented sections

For explanations of grain size, sedimentary structures and facies code see Fig. 10



28 Depositional systems

0.5 m thick beds. In the Mielnik IG 1 coarse-grained facies
SCland SCm form 0.2 to 1.5 m thick packages. Conglomerate
facies Gm forms 0.2 m thick layers.

Interpretation. No coarse-grained facies is observed in
cored intervals of the Swiecica 1 and Niwa 1 sections
(Fig. 12A, B). The lower parts of the Niwa 1 and Swiecica 1
sections probably contain coarse-grained sandstone or con-
glomerate beds, as evidenced by gamma ray logs. There is
also a fining-upward trend observed within the fluvial cycles.
The cored interval of the Niwa 1 section reveals the presence
of three cycles. The following facies successions have been
identified, from the bottom to the top (Fig. 12B):

SFI (channel) —SFr (floodplain);
SFI—SFh—SFI (channel) -»SFm—F (floodplain).

Sandstones of facies SFI, occurring in two successive cyc-
les, were deposited in a transitional conditions from upper to
lower flow regime within low channel bars. Transitional hy-
drodynamic conditions were relatively long during the first
cycle, as evidenced by the large thickness (3.5 m) of sand-
stone facies SFI. The second cycle’s facies SF/ indicates
ashort episode of supercritical flow during a flood surge. Hor-
izontal bedding forms in fine-grained sands at a depth of
0.25-0.50 m and flow velocity of 1 m/s (Miall, 1996). Transi-
tion of facies SFh into the overlying facies SFI reflects a de-
crease in flow energy after the flood surge recedes.

In the Swigcica 1 section, the base of fluvial interval has
not been cored. Only its upper part is available for direct ob-
servation. The lower part of the fluvial interval is probably
represented by the upper part of the cycle with a facies succes-
sion of SEFm—F—SFm—F—SFm (floodplain), and the over-
lying cycles (Fig. 12A):

SFI (channel) -»SFm—F (floodplain);

SFI (channel) ->SFm—SFr—F—SFm—SFo—SFr—F
—SFo—SFr—SFo—SFr—SFo—SFr—SFr—F—SFf—F
—SFf (floodplain).

Channel members of the first and second cycles are com-
posed exclusively of fine-grained sandstones of facies SFI.
The presence of low-angle planar cross bedding suggests that
they were deposited in the upper part of lower flow regime,
within large bedforms of megaripples or transverse bars. The
exclusive presence of facies SFI is associated with river-bed
aggradation during long-term conditions of decreasing flow
capacity. The base of channel member of the first cycle is ac-
centuated by a flat 5th order bounding surface without any
conglomeratic channel lag layer. Such surfaces bound at
the base sand bodies that develop during migration and filling
of single river channels (Miall, 1991, 1996). No erosional sur-
faces are observed at the top of both the channels. Thicknesses
of the channels ranges from1 to 6 m. No grain-size fining is
observed in these two channel members.

In the Mielnik IG 1 section the following facies succes-
sions have been identified from the bottom to the top (Fig.
15B):

Gm—SCIl—-SC—SFI (channel);

SCI—-SC—SCI—-SC—SCm—SC—SMI (channel) -F—
SM—SC—SFm (floodplain);

SC—SFh—SFI (channel);
SCh—SC—SCm—SC—SCm (channel) ->SFr—SM—F
—SFm—GM—SCm—F—SFm—F (floodplain);

SFm— (channel).

Channel member of the first cycle begins with facies Gm
represented by channel lag conglomerates (Fig. 16D). They
were deposited in high-energy conditions and under super-
critical flow. They are underlain by a 5th order bounding sur-
face indicating the channel base (Miall, 1996). The channel’s
facies succession is a record of a change from transitional
hydrodynamic conditions of the upper part of lower flow re-
gime represented by facies SC/ to extremely high-energy
conditions of hyperconcentrated flow indicated by the mas-
sive coarse-grained sandstones of facies SC. The transition
Gm—SCI—-SC—SFI is a record of a single flood surge fol-
lowed by decreasing flow energy as a result of surge reces-
sion. The presence of sandstone facies SC/ and SFI (Fig. 16A,
C) suggests strong river-bed aggradation in the zones of de-
creasing flow capacity. A fining-upward trend is observed
within the channel. The total thickness of the channel deposits
is 2.0 m. Proportion of fine-grained deposits of facies SF/ is
significantly higher, and their thickness is 1.5 m.

The characteristic succession of twice-repeated very high-
-energy conglomerate facies SC (Fig. 16B) and SCm in the se-
cond cycle’s channel member, separated by a period of depo-
sition of facies SC/ and SM1, is a record of two flood surges
followed by periods of decreasing flow capacity, respec-
tively. There was rapid river-bed aggradation in the channel.
The channel-fill deposits are 3.3 m in thickness.

The third cycle’s river channel was filled mainly with
fine-grained deposits under supercritical flow during a flood
surge. The presence of facies SFI at the channel top is due to
surge recession. There was rapid river-bed aggradation in
the channel. The facies distribution indicates a fining-up-
wards trend within the channel. The channel-fill deposits are
1.7 m thick, including 1.5 m thick deposits of fine-grained fa-
cies SFh and SFI.

Facies succession of the fourth cycle suggests very rapid
river-bed aggradation under supercritical flows transitioning
into hyperconcentrated flows. Thickness of the channel mem-
ber is 1.2 m. No fining upwards in grain size is observed.

The currently observed fine-grained deposits of facies
SFm probably represent the lower part of the fifth fluvial cyc-
le. They are overlain above an erosional unconformity by
Lower Cambrian deposits. The upper part of the cycle was
probably removed during the Lower Cambrian marine trans-
gression. The massive fine-grained sandstones of facies
SFm were deposited under extremely high hyperconcentrat-
ed flow conditions. Thickness of the river-channel deposits
is2m.

The Radzyn IG 1 section is represented by four cycles
(Fig. 15A):
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Fig. 16. Coarse- and fine-grained deposits of fluvial succession of Mielnik IG 1 borehole section.
Anastomosed river channel facies association, late Ediacaran, Siemiatycze Formation

A — low-angle horizontally bedded coarse-grained sandstones, depth 1600.5 m; B — conglomerate with rare large feldspar and quartz grains, depth 1592.0 m;
C — low-angle cross-bedded fine-grained sandstone, conglomerate with quartz and feldspar grains at the base of drill core sample, depth 1600.0 m; D — con-

glomerate with rare large quartz grains, depth 1600.2 m

SM (channel) — a package of six layers of sandstone
facies SFm (0.1-0.5 m thick) interbedded with seven
layers of mudstone facies F (0.1-0.6 m thick) (floodplain);

SM (channel) — a package of seven layers of sandstone
facies SFm (0.1-0.5 m thick) interbedded with eight layers
of mudstone facies F (0.1-0.5 m thick) (floodplain);

SCI—SFh—SMI (channel);

SCm (channel) — a package of eleven layers of sandstone
facies SFm (0.1-0.5 m thick) interbedded with tvelve
layers of mudstone facies £ (0.1-0.2 m thick) (floodplain).

Channel members of the first and second cycle are com-
posed exclusively of massive medium-grained sandstones.

They were deposited during a single depositional event under
extremely high-energy conditions, indicating strong river-
-bed aggradation. Thicknesses of the channel fills of the first
(lower) and second (upper) cycles are 2.5 and 1.2 m, respec-
tively. The third cycle is a record of a short event of abrupt in-
crease in hydrodynamic conditions in the rver channel. It is
suggested by a transition of facies SC/ into SFh, which is a re-
cord of water surge. After the surge maximum, proved by the
presence of facies SFh, there was a decrease in flow capacity
recorded in the underlying facies SMI. Thickness of the river-
-channel member is 1.5 m, of which fine- and medium-
-grained facies account for a thickness of 1 m. River-channel
member of the fourth (uppermost) cycle shows a simple struc-
ture. It is composed exclusively of massive coarse-grained
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sandstones of facies SCm. The river channel was character-
ised by very high-energy flow conditions and rapid river-bed
aggradation. Thickness of the river-channel fill is 1 m. High-
-relief erosional surfaces are observed at the bases of the first,
third and fourth cycle. They bound sand bodies migrating
along the river bed. No conglomeratic channel lag is observed
above. These are the 5th order bounding surfaces according to
the classification of Miall (1996).

Sedimentation of the above discussed river-channel de-
posits occurred in sand-bed river channels probably repre-
senting an anastomosed system rivers. The diagnostic fea-
tures of this river type include:

1. Lack of fining upwards in grain size within the channel
succession due to vertical sediment accretion. This feature is
particularly well expressed in the Radzyn IG 1 (Fig. 15A) and
Swiecica 1 (Fig. 12A) sections. Vertical accretion is a typical
depositional process occurring in anastomosed river channels
(Nadon, 1994; Miall, 1996). Lateral and concentric accretion
is rarer (Kirschbaum, McCabe, 1992). Similar anastomosed
channels with strong vertical aggradation have been reported
by Waksmundzka (2005, 2008) from the Carboniferous suc-
cession of the Lublin region (south-eastern Poland).

2. Most of channel fills are composed of fine-grained
sandstones.

3. Simple structure of channels composed chiefly of sin-
gle, large bedforms that developed during a single depositio-
nal episode.

4. Lack of ripple-laminated fine-grained sandstones SFr,
SFf, Sfo and SFw at the top of channel deposits. It indicates
both stable hydrodynamic conditions within the channels
without decreasing flow energy and lateral stability of
the channels.

5. Very high frequency of massive facies represented by
sandstones SFm, SM and SCm, and low-angle planar cross-
-bedded sandstones of facies SF/, SMI and SCI. All these fa-
cies types suggest strong river-bed aggradation.

6. Very small thicknesses of river-channel fills as com-
pared with thicknesses of floodplain deposits. The examples
of such relation are the Radzyn IG 1 (Fig. 15A) and Swig-
cica 1 (Fig. 12A) sections where the thickness of floodplain
deposits in each cycle, corrected for decompaction (Baldwin,
Butler 1985) of mudstones and claystones, varies from nearly
70% to 94 % of the total cycle thickness. For instance: the to-
tal original thickness of the uppermost cycle in Radzyn 1G 1
was approximately 19 m, of which floodplain deposits were
almost 18 m thick and accounted for 94% of the total cycle
thickness.

Anastomosed rivers form interconnected networks of
low gradient channels of variable sinuosity (Fig. 7B). Chan-
ges in channel course occur through avulsion result in pro-
gressive crevassing of the channel banks. Anastomosed
channel pattern preferentially developed in times of rapidly
rising base level in subsiding areas. Increase of accomo-
dation space leads to a fluvial succession dominated by ver-
tical accretion deposits (e.g. Smith, 1983; Tornqvist, 1993;
Miall, 1996).

Anastomosed river floodplain facies association

Description. The anastomosed river floodplain associa-
tion is represented by a relatively wide range of fine-grained
facies types. In the Radzyn IG 1, Niwa 1 and Swigcica 1, only
fine-grained deposits are observed. In the Mielnik IG 1 sec-
tion, fine-grained facies SFm and F are accompanied by
coarse-grained facies Sc and medium-grained facies SM.
Sandstone facies SFm occurs in 0.1 to 3.5 m thick beds. In
the Radzyn IG 1 section, sandstones of fine-grained facies
SFr, SFo and SFf are frequent, forming 0.1 to 2.0 m thick
packages.Very fine-grained deposits, represented mainly by
mudstones and rarely claystones of facies F' occur in nume-
rous 0.2 to 1.0 m thick beds. Very rare sandstone facies SM
occur in 0.8 m thick beds. The floodplain deposits are com-
monly thick, ranging from 3.0 m in Mielnik IG 1 to 6.5 m in
Radzyn IG 1.

Interpretation. Floodplain deposits overlie river-channel
sediments, contrasting in facies appearance. An example is
the facies successions from the Swiecica 1 section:

SFI (channel) -»SFm—F (floodplain);

SFI (channel) ->SFm—SFr—F—SFm—SFo—SFr—F
—SFo—SFr—SFo—SFr—SFo—SFr—SFr—F—SFf—
F—SFf (floodplain) (Fig. 12A, 14D).

In the facies succession of the first cycle, the transition of
high-energy facies SFm into very low-energy mudstone fa-
cies F' was probably associated with levee breaks and over-
flow of water onto the floodplain situated lower in elevation.
Sandstone facies SFm was deposited under very high-energy
flow within crevasse splays during the initial stage of its for-
mation. Mudstone facies ' was deposited under the lower-
most part of lower flow regime during flow deceleration and
deposition from suspension.

Compared with the floodplain member of the first cycle,
the second cycle’s member is much more complicated. It is
a record of two episodes of water overflow from the channel
onto the floodplain and initial formation of sand crevasse
splays of facies SFm under supercritical flow conditions.
The facies succession SFm—SFr—F is associated with a gra-
dual decline of the flow in the crevasse channel during the for-
mation of ripples by rhythmical bottom transport and deposi-
tion from suspension. Due to these processes, the crevasse
channel was filled with mudstone facies F. A similar facies
succession occurs above the lowermost part of the floodplain
succession:

SFm—SFo—SFr—F—>SFo—SFr—SFo—>SFr—SFo—
SFr—SFr—F—SFf—F—SFf.

After the surge receded, three successive episodes of de-
position from rhythmical bottom transport (facies SFr, Sfo
and SFf) and deposition of mud from suspension (facies F)
occurred in the crevasse channel (facies SFm). Thickness of
the ripple sandstone facies is relatively large and varies from
1 to 2 m. Thickness of the mudstone fills of crevasse splays
ranges between 1 to 2 m. The total thickness of the floodplain
deposits is about 12 m (not corrected for decompaction) and is
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twice as much as the thickness of the cycle’s river-channel
member.

In the cored interval of the Niwa 1 section, which is only
a small fraction of the whole fluvial succession, floodplain
deposits are fully represented only in the second cycle. The fa-
cies succession SFm—F is arecord of high-energy deposition
ina crevasse splay channel, followed by flow decline and mud
deposition from suspension. The large thickness of crevasse
splay deposits (3.5 m) suggests a prolonged deposition under
supercritical flow conditions during water surge within the cre-
vasse splay channel, and strong channel-bed aggradation.

Another group of deposits is represented by fine-grained
sediments forming characteristic successions of thythmically
alternating sandstones of facies SFm and mudstones of facies
F overlying the channel members in most completely develo-
ped successions from the Radzyn IG 1 and Mielnik IG 1 sec-
tions. These are the following floodplain suites in the Radzyn
IG 1 section (Figs. 14E, 15A):

— a package of six layers of sandstone facies SFm
(0.1-0.4 m thick) interbedded with six layers of mudstone fa-
cies F'(0.2—0.9 m thick) in lowermost cycle;

— a succession of seven layers of sandstone facies SFm
(0.1-0.2 m thick) interbedded with eight layers of mudstone
facies F' (0.1-0.5 m thick) in the second cycle;

— a suite of eleven layers of sandstone facies SFm
(0.1-0.2 m thick) interbedded with tvelve layers of mudstone
facies F' (0.1-1.5 m thick) in the fourth, uppermost cycles.

The above discussed successions of alternating facies
SFm and F indicate the presence of intense but short-term de-
position of SFm facies sandstones in crevasse splay channels.
When the high-energy conditions of SFm sandstones termi-
nated and the flow ceased, mudstones were accumulated from
suspension. They filled successive small crevasse channels.

In the Mielnik IG 1 section (Fig. 15B), the lowermost
floodplain facies succession F—SM—SC—SFm reflects de-
position in crevasse splay channels. Another suite of facies
SFr—SM—F—SFm is a record of water overflow from

the river channel onto the floodplain and initially deposition
of ripples from bottom traction transport. The large thickness
(2 m) of SFr facies sandstones suggests a long-term episode
of ripple deposition. After a period of low-energy deposi-
tion, there were two episodes of high-energy deposition re-
corded in facies SM and SFm. They were associated with de-
position in crevasses splay channels. The last mentioned
suite SEFm—F—SFm—F is composed of thin rhythms show-
ing normal grain-size grading. Each rhythm consists of
fine-grained sandstone facies SFm and massive mudstone fa-
cies F. These deposits were accumulated during flood periods
in the channels of crevasse splays. Deposition of sandstone fa-
cies SF'm corresponds to an initial, high-energy phase of cre-
vasse splay formation. Mudstone facies F formed when
the flow in the crevasse channels ceased.

The evolution of anastomosed system rivers is determined
by overbank processes which include avulsion and deposition
of a floodplain. Avulsion processes in the anastomosed sys-
tem rely on a change in flow direction from an active river
channel towards the floodplain due to crevassing. This pro-
cess leads to the formation of a new channel along the lowest
segment of the floodplain. Frequent avulsions in floodplains
result in the formation of an anastomosed river system repre-
sented by active and abandoned river channels (e.g. Smith,
1983; Torngvist, 1993).

Crevasse splays are a very characteristic depositional
landform of floodplains in anastomosed system rivers (Fig. 7B).
The formation of crevasse splays on the floodplain occurred
as a result of autocyclic factors, mainly strong flood surges in
the river.

Thicknesses of floodplain facies were controlled by the re-
lationship between the chanel and its base level. Rises of base
level associated with fluctuations of relative sea level can lead
probably to long-term vertical accretion of floodplain depos-
its (Cotter, Driese, 1998). An example of this scenario is
the large thickness of the crevasse splays deposits with from
the Radzyn IG 1 and Swigcica 1 sections.

GROUP OF ESTUARINE DEPOSITIONAL SYSTEMS

Bay-head delta depositional system

Description. The characteristic feature of the bay-head
delta depositional system (Fig. 8C, D) is the presence of very
coarse-grained facies Gm, GI, SCp, SC, SCI, SCm and SMI.
The deposits form 2 to 9 m thick beds. The coarsest-grained
facies were encountered in the Radzyn IG 1 (Fig. 17) and
Podedworze IG 2 (Fig. 18) sections. Fine-grained deposits,
represented mainly by sandstones of facies SFh, SFf and
SFm, and mudstones of facies F occur in the middle part of
the deltaic succession in the Parczew IG 10 (Fig. 19) and
Kaplonosy IG 1 sections (Fig. 20). The bay-head delta facies
assemblage in these four sections, overlies sediments of va-
rious zones of the tidal flat within the estuarine system, and

underlies nearshore deposits of the open-coast depositional
system.

Interpretation. Packages of coarsening-upward deposits
from the transitional fluvial-tidal succession of the Radzyn
1G 1, Parczew IG 10, Podedworze IG 2 and Kaplonosy IG 1
sections form a prominent complex of coarse-grained de-
posits overlying the estuarine tidal sequence and underlying
the fine-grained series of open-coast (Figs. 17-20). The coar-
sening-upward facies sequences are commonly composed of
distinct cycles. Three cycles are observed in the Radzyn
IG 1, two cycles in the Podedworze IG 1 and Parczew IG 1,
and one cycle in the Kaplonosy IG 1 section (Fig. 21B).
Coarse quartz grains within the succession Podedwoérze IG 2
are very mature (Fig. 21A). This feature suggests relatively



32

Depositional systems

m
Stratigraph Litholo Sequence
Jrapny % 3 S stratigraphy
21l ©
Chrono- Bio- |Litho | B 2 > g% £l 3 =
= = TE z 5 Grain size ‘(::58 §§ .% é M g
2 g = |= 25|+=% € [Parasequence
BlolEl " el g HEEE T
o g £ 5| CMSiscG 2| 85|35
g | o | & Flalé & 818 | ‘c 1 AR cg N %)
1460
1464 L
1470 /i PB—>F§10
{E PS9
1480 7= o 1410 m
= PS9
F
1490 =
PB
1 ~
1500} /
o ar
1 -
S |"q~$ 1510+ —o
c| 8|83 o 0
2 | c £ .(é) §§ § 1520 94 ﬁ LS ”
O | @ |2 | = |Egg| 3 ] F )| PS8
N e € S |855| N i T
o Ke) ® © =3 8
S| E|9] 8852 1530 EUD
= | 0| 5| 2|32 =
© | O S | B¢
o E 3 33 1540 o | PB
T3 PS7
a o 1550 0 Prus -
1560 - 2:
1570 g
1580 0
© oo BHD PS6
= 39
g 1590 So
i)
S | 542 99/%
° Ma | 1600 25
8 5 +MFS_PB
"%’ 1610 Ps ‘:"Z_S_ MF::;SF PSg607 mPB
Q $ — | L6 MF
o S < 1620 ~o PS4
8 % . E 0| SF PB
51 & 2 Q == T
218 35 s 1630 N |TL| 8| MF PS3  pg
o | & 3 N S 0 [MdF -
S| @ 3 ST 0 psy
o | W 3 1640 - = F g Ié/IFF i PR
o ~ e v = MF
Z 57| ¢ LSE
qN> 1650 — ﬂO/
£ = PS1
2 1660 -| 94 o A
€
R}
@ 1669 S TSE PB
1670
Palaeoproterozoic 2

Fig. 17. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy,
late Ediacaran and early Lower Cambrian, Radzyn IG 1 section
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Explanations for figures 1720, 22-25, 39, 41, 42

LITHOLOGY
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claystones
M |:| mudstones

fine-grained sandstones
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middle-grained sandstones

coarse-grained sandstones

®
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~

conglomerates

sandstone—-mudstone—claystone heteroliths
volcanigenic rocks

crystalline basement

lithology non interpreted — non cored interval
and lack of geophysical log

i Lulll

Sedimentary structures
bimodal cross-bedding

planar cross-bedding
or indeterminate

ripple cross-lamination

(S

horizontal stratification

L horizontal lamination
S flaser lamination
Rsacacacd lenticulare lamination
s wave lamination
% reactivation surface
/[\\ mud drapes
(X} mudstone and claystone clasts
m erosional surface at the bottom
of sandstone bed
VWY erosional surface

BHD diastem bay-head delta diastem

FOSSILS

A\

Vendotaenia antiqua

BIOTURBATION INDEX

no bioturbation recorded
sporadic

sparse

numerous

very numerous

intensive

elof=]e[~]=]]

totally bioturbation of deposits

TRACE FOSSILS

?
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Monocraterion isp.
Bergaueria major

Bergaueria isp.

Skolithos linearis

__—Treptichnus triplex
—Treptichnus bifurcus

-
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Treptichnus isp.
Neonereites uniserialis
Gyrolithes polonicus
Telchichnus rectus
Planolites beverleyensis
Planolites montanus
Palaeopascichnus delicatus

Torrowangea rosei

Gordia isp.

FACIES ASSOCIATIONS

BS
CB
BHD
BR
CST

CACS

CTF
IMS
SF
MF
MdF
Prus
LS
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sand barrier
central bay
bay-head delta
sand bar
subtidal channel

complex of amalgamated
subtidal channels

tidal flat channel
inter-channel mud shoal
sand tidal flat

mixed tidal flat

mud tidal flat

prograding upper shoreface
lower shoreface

upper offshore

alluvial deposit systems
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Explanations for figures 17-20, 22-25, 39, 41, 42 — continuation

SEQUENCE STRATIGRAPHY

STRATIGRAPHY

* MFS  maximum flooding surface Chronostratigraphy Moczydtowska, 1991; Paczesna, 1996, 2008
JSE  erosional transgressive surface Lendzion, 1983 a, b (F — faunal zones):

PB parasequence boundary Biostratigraphy l\PA;gngg:;wigge 1 2%10(? —Acritarcha zones);
TRS8. tidal ravinement surface

SRS.  shoreface ravinement surface Lithostratigraphy Aren, 1982; Paczesna, 2008, 2010 (in press)
B S i o |-t o Sooneoy

pg PS10 * parasequence boundary

PS9 1 in the higher part of section
2052 m

TST transgressive systems tract

HST highstand systems tract

LST lowstand systems tract

long transport, probably in a fluvial environment of high-
-energy braided rivers. The presence of pronounced coarsen-
ing-upward cycles repeated in a specific interval of the suc-
cession may suggest the deltaic depositional environment.
The characteristic position of the deltaic succession at
the top of estuarine deposits and beneath open coast series is
most likely indicative of the presence of bay-head delta
within this succession.

Central bay and estuary mouth depositional system

Estuarine central bay facies association

Description. Central bay association consists of facies F.
Facies F are represented by dark grey and, rarely, black
fine-grained mudstones and claystones of massive structure.
They contain neither ichnofossils nor any other organic mate-
rial, except for numerous Vendotaenides thallus. Accessory
lithologic components are represented by irregular pyrite
concretions. These facies are restricted to the southeastern
part of the basin (Lopiennik IG 1, Biatopole IG 1, Horodlo 1
and Terebin IG 5 sections) (Figs. 22-25). Deposits of these fa-
cies types form thick (2—-14 m) packages there. In a vertical
succession, the central bay association deposits occur in
the lower parts of the estuary sequence, where they are
interbedded with associations representing deposits of tidal
flat (Fig. 26). They overlie the volcanic series (Figs. 22-25).

Interpretation. Central bay facies association is repre-
sented by the finest-grained sediments deposited through
a rain of very fine-grained suspension from stagnant waters.
This is a typical very low-energy association. Facies F con-
tain no ichnofossils, whereby indicating a completely unfa-
vourable environment for the existence of deposit-feeders
typical of such environments. The producers of feeding-
-dwelling burrows might have been eliminated due to either

deficiency of nutrients in bottom sediments or low level of ox-
ygenation. However, mass occurrence of Vendotaenia anti-
qua forma quarta thallus in the black claystones and mud-
stones (Fig. 27A, B) probably excludes the possibility of nu-
trient deficiency. After remains of the organisms had been in-
corporated into the sediment and buried, they could be a suffi-
cient source of food for the sediment-inhabiting deposit-feed-
ers which would have left a record of their living activity.
Considering this argument, it is probable that the lack of trace
fossils in these deposits was likely due to anoxia of the sedi-
mentary environment. The presence of pyrite supports this in-
terpretation. Anoxic conditions developed in a partly pro-
tected embayment during initial transgression phases and ma-
rine inundation of an alluvial plain.

Subtidal sand bars facies association

Description. The facies association of subtidal sand bars
consists of facies SFh, SFp and SFr. These deposits are repre-
sented by few 4-9 m thick beds observed in the lower part of
the estuarine tidal succession. The occurrence of sand bar fa-
cies association in this succession is limited to very few inter-
vals in the Lopiennik IG 1 and Bialopole IG 1 sections located
in the southeastern part of the basin.

Interpretation. Subtidal sand bars are elongated sand rid-
ges parallel to the direction of tidal currents and they are often
part of the so-called marine sand body complex (Dalrymple
et al., 1992; Kitazawa, 2007). Occurrence of subtidal sand
bars is typical of the lower intertidal and subtidal zone in
meso- and macrotidal estuaries (Dalrymple ez al., 1992; Mal-
let et al., 2000) (Fig. 8A). The occurrence of diagnostic tidal
indicators such as mud drapes and bimodal cross-bedding
seem to confirm the interpretation of infrequent sand bodies
as subtidal sand bars located in the estuary mouth area. Ano-
ther argument confirming the origin of these deposits as tidal
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Fig. 18. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy, late
Ediacaran and early Lower Cambrian, Podedworze IG 2 section

For explanations see Fig. 17

sand bars is the position of the intervals within the estuarine
succession under the complex of amalgamated subtidal chan-
nels and directly over the estuary’s central bay deposits (Figs.
22,25). Occasional sand bars, accompanied by subtidal chan-
nel deposits, probably also occur in the uppermost part of
the estuarine complex. The limited occurrence of subtidal
sand bars can be explained by destruction during the succes-
sive episodes of rapid relative sea-level rise during the trans-
gressive stage of the Lublin estuary development.

Subtidal channels facies association

Description. This association consists primarily of facies
SCI, SFh, SFp, SFl, SCI and Gm. Facies SFm and very
fine-grained facies F' occur infrequently. Trace fossils are
sporadic and represented mainly by Planolites montanus
Richter and Planolites beverleyensis (Billings) observed in
thin interbeds of mudstone and claystone (facies F) or thickly
laminated sandstone-mudstone heterolith (facies FS).

Interpretation. The analysed sections reveal intervals
containing a distinctive vertical facies succession, very
well manifested in the Lopiennik IG 1, Terebin IG 5,
Horodto 1, Biatopole IG 1 sections (Figs. 22-25). Lower
parts of most of the sequences contain very numerous
mudstone and claystone clasts occurring above a well-de-
veloped erosional surface (Figs. 28, 29B, C). The clasts lo-
cally form thin, up to 0.3 m thick, intraformational muddy
conglomerate layers of facies Gm (Fig. 29C). Above it,
there is usually facies SFI represented by well-sorted fine-
-grained sandstones with low-angle (10-20°) planar cross-
-bedding, or, rarely, high-angle (25-40°) cross-bedded fa-
cies SFp or facies SFr. Such an alternation of low-angle and
high-angle bedding with ripple cross-lamination is charac-
teristic of tidal deposits (Abbott, 1998). There is also bi-
modal planar cross-bedding, supporting the hypothesis of
tidal processes at that time (Fig. 29C).

Another evidence for tides is provided by the presence of
mud drapes on the foreset of cross-bedding surfaces in sand-
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Fig. 19. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy,
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Fig. 22. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy,
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For explanations see Fig. 17



40 Depositional systems

. . ] Sequence
c H
Stratigraphy Lithology ) § % stratigraphy
i i 3 © o |.E i
Chrono- Bio-  [Litho- %’ _ qz) Grain si gw %'g sl 8 Gamma ray 3
£ & s|12|E |2 rainsize | £8183 |5 2 = .
El5(s| = [2|2]2s 22|352] 8 5| Pooseneree
| 2|% El g s cwmsiscG |32|85(8] 8 J2
g | @ & FlA]l@ | S a |8 L1 |C | B 5 gg 2| & 2
3580
5]LS() pp —»PS9
0 3590 PS8
E § 3500 m
c |8 £8 3600
ol | 2388 R
QI &8| €| % |st 9 3610 uo(?) *
O | o © S 83| o PS8
Slgs|ls |2 |Se| 9 3620 —
Tl lO|2]|<S |38 3 ? 2
o 5| L (s3| = T
=41 8 [Ra 3630 -
% @ — — 1
g |5 uo
a| o 3640 - “Fi PB
3650 l *
542 LS(?) PS7
Ma PB
3660 5
. _ L] Prus ';Ség
= 3670 Hod |5 «MFS
-8 MF 3671 m
s 3680 CTF PS5+
3690 SF(?) PB
3700 MF
PS4
3710 — | 1o —o=—=fcrF " PB
R LS '\'\;I'SF
3720 - I~ |=/T| 6
(75| v
o 3730 N
3 2
) ® 7
© 3 = 3740
S| 8] |¢ ()
o| © 5 © ? =~
() —
0] @® S a 3750 )
= | o | o —
ol & 2 ~
o 3 -
S | @ 3 3760- A/TZES -
2 ° = SF PS3
8 3770 ~
3 V4
3780 =
3790 @}ﬁ 0 =2
@3/5 g csT
3800 3 CST
2 s —=
o} 2L
S 38101 2o Ol [CsT TRS PB
R o SF/BS (?)
@ 3820 2 e CB PS2 pp
“ SEBS ()
[eXe} =
3830 £ C¢B PS1
? ?
5513840 ? —{TSE (?)PB(
T gl x4 (7))
% =8| Ma =
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Fig. 24. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy,
late Ediacaran and early Lower Cambrian, Horodlo 1 section

For explanations see Fig. 17
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Fig. 25. Grain size, stratigraphy, sedimentary structures, trace fossils, facies associations and sequence stratigraphy,
late Ediacaran and early Lower Cambrian, Bialopole IG 1 section

For explanations see Fig. 17
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Grain size Grain size Grain size
Sf Sc Sf Sc Sf Sc
CM Sm G CM Sm 6 CMSm G
5551 L L 111 | 2350 2268
m] mixed tidal flat m m
central bay of estuary
tral bay of estuar
ceniral bay of estuary central bay of estuary F
2m
o =7 | .
mixed tidal flat SCl tidal channel
0 central bay of estuary A —
r 2359 erosional transgressive SFf %~ mixed tidal flat
F surface
F
© mixed tidal flat
F o central bay of estuary
2m F
F
0
. central bay of estuary 2281
5569-% — erosional transgressive
surface 2298

¢« Vendotaenia antiqua thallus

Fig. 26. Facies architecture of the central bay basin, lower Lublin estuary. Note presence of Vendotaenia antiqua
thallus in black claystones

For explanations of grain size, sedimentary structures and facies code see Fig. 10

Fig. 27. Characteristic mass occurrence of Cyanobacteria thallus in black claystones of central bay facies association,
late Ediacaran, Bialopole Formation, Horodlo Member, Lopiennik IG 1 borehole

A — Vendotaenia antiqua forma quarta Gnilovskaya, depth 5558.8 m; B — Vendotaenia antiqua forma tertia Gnilovskaya, depth 5551.6 m



44

Depositional systems

LOPIENNIK IG 1

Grain size

Sf Sc
Sm G

L

C M
l

|
7
7

5520
(m]

SFI

creek
SCx

7

E inter-channel mud shoal

74 %9
4m 94//'\\
SCl large tidal channel
4
57
0
5537 m_ erosional surface

BIALOPOLE 1G 1

Grain size

2919
m| sand tidal flat

inter-channel mud shoal
inter-channel mud shoal
inter-channel mud shoal

inter-channel mud shoal

large tidal channel

. 7
x SR8

erosional surface

Fig. 28. Facies successions of variously sized subtidal channels and inter-channel mud shoals, Lublin lower estuary

For explanations of grain size, sedimentary structures and facies code see Fig. 10

stone facies SF/ (Fig. 29B, C), especially well-developed in
the Terebin IG 5 section. The upper part of the packages is
commonly represented by facies SF/ grading into facies SFr
or, rarely, facies SFo. Most of the packages show a fin-
ing-upward trend, with facies F occurring usually at their
tops. The packages are 2 m to 14 m thick. In the Lopiennik
IG 1, Horodlo 1 and Biatopole IG 1 sections, the subtidal
channels facies association underlies the sandflat, mixed flat
or mudflat facies association (Figs. 22, 24, 25). The subtidal
channel facies association (and its position within the sec-
tions) indicates that it represents tidal channels developed in
a permanently submerged subtidal zone (Fig. 8A).

The range of sedimentary structures suggests that the sub-
tidal sediments were accumulated under high-energy condi-
tions and dominance of mechanical reworking of the sedi-
ment. Such conditions probably resulted in a small content of
organic matter within the deposit (Fillion, Pickerill, 1990).
Scarce nutrient resources were the reason for low frequency
of deposit-feeders represented by Planolites montanus Rich-
ter and Planolites beverleyensis (Billings) burrows observed
in thin interbeds of mudstone (facies F). Sediment mobility
prevented the filter-feeders from establishing burrows, and
thus kept them away from the subtidal channel environment.
Worth noting is also the lack of Vendotaenides thallus in
mudstone and claystone packages of the subtidal channels as-
sociation. It was likely due to unfavourable living conditions
of highly variable environment of simultaneously migrating

tidal channels and inter-channel mud shoals. The organisms
were unable to inhabit such mobile environments.

Considerable variability in thicknesses of intervals corre-
sponding to subtidal channels can indicate their different size.
Thick sequences suggest the occurrence of main distributary
channels, whereas thinner thicknesses are related to second
order size channels (creeks) of the subtidal channels drainage
network (Fig. 28).

An overlapping of successive thick sandstone and thin
mudstone packages represented a large subtidal channels
separated by inter-channel mud shoals, being a result of rapid,
lateral migration of channels across the subtidal zone, espe-
cially across its lowest, sand part (e.g. Einsele, 2000). Each
sandstones package in this complex represents large tidal
channel which was active, before it was abandoned and subse-
quently covered by deposits of next channel. Sandstone pack-
ages in the complex are characterised by similar thicknesses
of up to 9 m. A complex of amalgamated subtidal channels is
particularly well developed in the south-east of the Lublin ba-
sin (Lopiennik IG 1, Terebin IG 1 and Biatopole IG 1 sec-
tions) (Figs. 22, 23, 25).

Inter-channel mud shoal facies association

Description. The inter-channel mud shoal association is
represented only by very fine-grained mudstone facies F.
The mudstones form 0.5 to 6.0 m thick beds.
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Fig. 29. Tidal channel deposits, late Ediacaran

A —bimodal low-angle cross-bedded fine-grained sandstone, MD — very thin mud drapes on the cross-bedding foreset. Tidal channel facies association on tidal
flat. Busowno IG 1 borehole, depth 3655.0 m, Lopiennik Formation; B — low-angle cross-bedded fine-grained sandstone with mudstone intraclasts and thick
mud drapes (MD). Subtidal channel facies association. Lopiennik IG 1 borehole, depth 5406.0 m, Lopiennik Formation; C — low-angle bedded fine-grained
sandstone with claystone intraclasts. MD — thin mud drapes on cross-bedding foreset. Subtidal channel facies association. Biatopole IG 1 borehole, depth
2922.5 m, Biatopole Formation; D — at the base of core sample: large-scale low-angle cross-bedded sandstones with mudstone clasts overlain by horizontally
bedded fine-grained sandstones. Tidal flat channel facies association. Lopiennik IG 1 borehole, depth 5379.0 m, Wiodawa Formation



Depositional systems

46

uoneuo,] sjodoyerg ‘w z'zz6g Pdop ‘9joyatoq | O djodoferd -ouojspues paurei3-oulj pappag-ssold J[Fue-mo[ AI9A Ul UOHRUIWIR] JOSB[) 9[)qns Suruioy saderp pnuw uty) — @
cuonewio] yruuardoy ‘w g g 167 Pdap ‘9joyaioq [ DI sjodoferg -90BLINS BUTWL]-SSOIO 3y} 1B ((IA) SodeIp pnuu ury) SnoIoWNnU JON "SOUOISPULS PIUTLIZ-OUl) Ul UOIBUIUER[-SSOID
o1ddur— ) ‘uonewio yuuardo} ‘w () [ 67 Yadop ‘ojoya1oq | D] Juuardo } -10s910J BUIWE]-SSOII U0 ((IA) S9deIp pnuu uryj yirm sauojspues paureis-oulj ur uorjeurue|-ssoro ojddu — g
‘cuoneurio ] ajodorerg ‘w (' 06 Yidop ‘ojoyaioq | D] 2[odorerg 12s910) SUIPPaq-ss010 U0 (JA) SedeIp pnuu UIy) 2JON "2UOISPUES PAUTRIZ-OULJ PIPPIQ-SSOID A[FUB-MO] [EPOWI] — Y

ueJIedRIPY )] ‘UOHRIIOSSE SAIDR) Jef} [epn pues ‘syisodap jepy [epn pues “0¢ "SI

subtidal part of the tidal succession in the Lopiennik IG 1,

Interpretation. Massive mudstones and occasional clay-
stones of the inter-channel mud shoal association were depos-

Terebin IG 5, Horodto 1 and Biatopole IG 1 sections, located

in the southeastern region of the basin (Figs. 22-25). An addi-

ited on the shoals extending between tidal channels (Yoshida
etal.,2001). Their origin can be related to the overflow of wa-
ter from channels. Mud and clay deposition occurred in

a much lower-energy shoal environment

tional fact which facilitates distinguishing between the inter-

-channel mud shoal and mud flat deposits is the co-occurrence

of the former with deposits of large tidal channels in the com-

plex of amalgamated subtidal channels.

as compared to

)

the deposition in tidal channels. Its occurrence is limited to the
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Tidal flat depositional system
Sandflat facies association

Description. The sandflat deposits consist of well-sorted
fine-grained, rarely medium-grained, sandstones of facies
SFh, SFf, SFr and SF with very rare thin mudstone and
claystone layers occurring most frequently in the upper parts
of'the intervals. The sandflat deposits reach 2 to 16 m in thick-
ness, with the average ranging from 4 to 8 m. The threshold
value for distinguishing the sandflat in the intertidal zone
(Fig. 8A) is the sand fraction percentage of >75% (after classi-
fication of Shepard, 1954 and Kim et al., 1999), or 95% of
the sand fraction assumed as the lower boundary, as observed
on modern North Sea tidal flats (Hertweck, 1994).

Interpretation. The intertidal zone (Fig. 8 A) consists of
a specific repeated tripartite lithological suite of always
the same packages of sandstones, horizontally finely lami-
nated heteroliths and mudstones or claystones. It reflects de-
creasing flow energy of the environment and a change in
the type of transport to suspension settling. These processes
were responsible for the development of three facies associa-
tions within the intertidal setting. Sandflat facies association
occupies the lowest part of the intertidal zone. Among sedi-
mentary structures, the most frequent is ripple cross-lamina-
tion (Fig. 30B, C) and flaser lamination (Fig. 30D) proving
deposition under lower flow regime (Zielinski, 1998). They
are associated with the high velocity of tidal currents (Fillion,
Pickerill, 1990). Cross-bedding is represented by arare planar
high-angle (30—45°) variety indicating deposition from salta-

KAPLONOSY IG 1

Grain size
St Sc
CM Sm G

13921 1 LI ]
[m] F

mud tidal flat

(0]
mixed tidal flat

2m
upper flow regime
0 sand tidal flat
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tion transport under lower flow regime. Bimodal cross-bed-
ded sets are relatively common, which are indicators of oscil-
latory tidal currents on the sandflat (e.g. Nishikawa, Ito, 2000;
Yoshida ez al., 2001) (Fig. 30A). The upper parts of the inter-
vals containing sandflat deposits show increased amount of
mud-clay sediments and occurrence of thin interbeds of sand-
-mud-clay heteroliths. It suggests a considerable decrease in
energy. During low-energy periods, deposit-feeder burrows
of Planolites montanus Richter are observed in thin claystone
and mudstone layers, very rare in transition areas into
the mixed flat. Events of increasing energy are indicated by
the occurrence of horizontal stratification in fine-grained
sandstones. Sandflat most commonly overlies either the com-
plex of amalgamated subtidal channels or, more rarely, cen-
tral bay and subtidal mud shoal (Figs. 20-23).

Mixed tidal flat facies association

Description. Among facies types, the most common is hori-
zontally laminated heteroliths Fh. Facies SFr, SFf, SFo, SFw,
SFm and F are rarer and occur as very thin layers within
heterolithic facies Fh (Fig. 31). The trace fossil assemblage is
abundant but taxonomically poorly diversified (Paczes$na,
1996). According to Shepard (1954) and Kim et al. (1999),
the content of sand fraction ranging from 25% to 75% is the ba-
sis for its discrimination. Another percentage limit of the sand
fraction content is proposed by Hertweck (1994) for modern
mixed flats — 55%. Mixed tidal flat association is the most wide-
spread within the intertidal zone in the investigated basin.
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Fig. 31. Facies association of sand, mixed and mud flats, upper part of the Lublin estuary. Note characteristic tidal evidences
such as mud drapes and reactivation surfaces in the finely laminated cyclic tidal rhythmites of facies Fh

For explanations of grain size, sedimentary structures and facies code see Fig. 10
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Interpretation. Mixed tidal flat occupies an intermediate
position between the sandflat and mudflat (Fig. 8A). The spe-
cific facies Fh is represented by alternating very thin (up to 1
mm in thickness) fine-grained sandstone lamina and mud-
stone, or rarely, claystone lamina (Fig. 32A, C). There are also

thin (2-20 cm) interbeds of fine-grained sandstones with rip-
ple cross-lamination, flaser, wave and lenticular lamination
(Fig. 32E). Other facies types are thin fine-grained sandstones
with lenticular lamination (Fig. 32E). The rarest sedimentary
structure in the heterolithic facies is wavy lamination.

Fig. 32. Mixed tidal flat deposits. Facies association of mixed tidal flat, late Ediacaran, Lopiennik Formation

A — upper in the drill core sample: thin tidal rhythmite bed (TR) underlain by ripple cross-laminated fine-grained sandstone. Note numerous mud drapes on
cross-lamina foreset (MD) and cyclic ripple tidal rhythmites with multiple mudstones laminae (RTR) representing a neap stage of neap-spring cycles. Biatopole
1G 1 borehole, depth 2919.2 m; B — Torrowangea rosei Webby, burrows of deposit-feeders in deposits of mixed tidal flat. Biatopole IG 1 borehole, depth
2890.0 m; C —cyclic planar tidal rhythmites. Lopiennik IG 1 borehole, depth 5442.2 m; D — Planolites montanus Richter, burrows of deposit-feeders in deposits
of mixed tidal flat. Lopiennik IG 1 borehole, depth 5451.2 m; E — tidal rhythmites with thin ripple cross-laminated fine-grained sandstone beds. Note very thin
mud drapes (MD) on the cross-lamina surface representing spring stage of neap-spring cycles. Busowno IG 1 borehole, depth 3637.6 m
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The presence of heterolithic facies suggests repeated epi-
sodes of different depositional processes. Sand material is
transported and deposited by the tidal currents. Clay and mud
material is deposited from suspension in stagnant or very
slowly flowing waters. Heterolithic deposits of different pro-
portions in thicknesses of sandstone and mudstone beds are
considered tidal in origin, especially in those sections where
other tidal features are present (e.g. Abbott, 1998; Kim ef al.,
1999; Yoshida et al.,2001). They also occur in other marine en-
vironments and on fluvial floodplains. Tidal origin of the sand-
-mud-clay heteroliths is supported by other tidal indicators ob-
served in the underlying sandflat of the subtidal channel com-
plex. These are: mud drapes (Fig. 33A, B), high frequency of
reactivation surfaces (Fig. 33C, D) and bimodal cross-bedding.
A reactivation surface is a curved surface that formed because
changes in the tidal current formed a new pattern of strata or
laminae, which differed from the previous pattern.

Thinly laminated heteroliths of facies £ form a very dis-
tinctive package of tidal rhythmites (Fig. 32A, C, E). These are
sand-mud-clay heteroliths, very regularly laminated. They
form in modern settings, for example in the Bay of Mont-Saint
Michel, Normandy (Larsonneur, 1994), and in the Fundy Bay,
eastern Canada coast (Dalrymple, Zaitlin, 1994), under spe-
cific hydrological regime observed most often on macrotidal
coasts in open funnel-shaped estuaries (Tessier, 1993). Ancient
tidal rhythmites represented by thick packages have been re-
ported from different geological systems (e.g. Alam, 1995;
Singh, Singh, 1995; Porgbski, 1995; Tessier et al., 1995;
Gradzinski, Doktor, 1996). They are frequently associated with
macrotidal and seldom with mesotidal coasts. In the analysed
sequences, tidal thythmites form packages exceeding 100 m in
thickness (Lopiennik IG 1) (Fig. 22). Tidal rhythmites contain
a very peculiar set of trace fossils. Especially characteristic are
deposit-feeder burrows represented by the Planolites monta-
nus Richter (Fig. 32D) and Torrowangea rosei Webby (Fig.
32B) observed in facies F/, with burrows forming close-pac-
ked clusters of constant burrow diameters below 1 mm. Abun-
dance of trace fossils, that totally change the original structure
of the sediment, indicates ecological opportunism of the trace-
makers, constrained by severe environmental conditions, pri-
marily by depletion of oxygen in the sediment and a wide range
of salinity (Pacze$na, 1996). Deposit-feeders inhabiting
the mixed flat in feeding-dwelling burrows developed due to
high tolerance to environmental stress. The large deposit-
-feeder population was also associated with abundance of nu-
trients, which is often related to low-oxygen environments.
The characteristic features of burrows of opportunistic de-
posit-feeders that form densely packed clusters are currently
considered one of the most sensitive indicators of brackish en-
vironments (e.g. Beynon, Pemberton, 1992; Pemberton ef al.,
1992a; Pemberton, Wightman, 1992a). The Planolites monta-
nus Richter burrows are accompanied by very numerous repre-
sentatives of the ichnogenus Torrowangea rosei Webby. Rela-
tively frequent repichnia are represented by Gordia isp. sug-
gesting sediment stability which allows epibenthic organisms
to move on the surface. Numerous and diversified trace fossil
assemblages is the typical feature of ancient mixed flats, com-

monly observed in tidal deposits of various geological systems.
The Ordovician mixed tidal flats from Newfoundland (Fillion,
Pickerill, 1990) and the Triassic tidal flats from British Colum-
bia, Canada (Zonneveld et al., 2001) are good examples.
The abundant but ichnotaxonomically poorly diversified trace
fossil assemblage from the mixed flat of the Lublin—Podlasie
basin can suggest unfavourable ecological conditions due to
a low oxygen content in sediments and bottom water on pro-
tected estuarine tidal flats. Such environmental conditions
forced the organisms to accept an opportunistic strategy of life,
that resulted in their strong quantitative development and low
ethological diversity. In the ichnological record, it is reflected
by homogenization of mudstone and claystone structures en-
tirely reworked by deposit-feeders, with closely packed Pla-
nolites montanus Richter and Torrowangea rosei Webby bur-
rows 1 mm in diameter. Simultaneously, the great number of
infaunal representatives was due to abundance of nutrients in
the mud. Organic matter that originated from decay of large
masses of Vendotaenides thallus on the tidal flat was probably
the main component of the nutrients.

Mud tidal flat facies association

Description. The succession of mudflat is characterised
by the finest grain size facies ' (Fig. 34) and very rare, thin,
fine-grained sandstone layers of facies SFr. The thickness of
mudflat packeges ranges from 2 to 23 m.

Interpretation. The uppermost part of the intertidal suc-
cession (above the mixed flat) (Fig. 8A) is composed of
the mudflat in all the sections. Mudflats are areas of clay and
mud sedimentation related to high tides. The trace fossil as-
semblage is sparse and poorly ethologically and ichnotaxo-
nomically diversified. During low tide, mudflat areas are sub-
jected to subaerial exposure for a longer time than sand and
mixed flat areas are (Hertweck, 1994). Variability of environ-
mental conditions did not favour ethological diversity of
infauna and epifauna. The trace fossils are represented by
Planolites montanus Richter and Gordia isp. only.

Tidal flat channel facies association

Description. This association is represented mainly by fa-
cies Gm, SCI, SC, SCx, Sfl, SFh and SFp. Facies SFr, SFf'and
F are rare. In some sections the characteristic vertical facies
succession starts with facies Gm composed of very thin, up to
0.10-0.20 m thick beds of intraformational muddy conglome-
rates. It is overlain by sandstone (facies SF/) (Fig. 29A), SFp
or SCI, grading upwards into facies SF4. The most common
channel fills include thin beds of a mudstone clasts conglom-
erate (facies Gm), low-angle cross-bedded coarse-grained
sandstones (facies SCI) passing up to high-angle cross-bedd-
ed fine-grained sandstones (facies SCx and SFp) or horizon-
tally stratified fine-grained sandstone (facies SF#/). Upper
parts of some sequences are represented by facies SFf
(Fig. 35). These facies are arranged in fining and thinning up-
ward packages, 0.6—4.5 m thick.
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Fig. 33. Tidal evidences

A —thick mud drapes (MD) on the cross-bedding foreset in fine-grained sandstones. Tidal flat channel facies association. Terebin IG 5 borehole, depth 3805.0 m,
Biatopole Formation; B — thin mud drapes on the cross-lamina surface in a thin fine-grained sandstone bed within a finely laminated sand-
stone-mudstone—claystone heterolith. Mixed tidal flat facies association. Lopiennik IG 1 borehole, depth 5474.4 m; C — reactivation surface (RS) in finely
laminated rhythmites. Mixed tidal flat facies association. Lopiennik IG 1 borehole, depth 5467.4 m; D — reactivation surface (RS) in finely laminated cyclic
rhythmites. Mixed tidal flat facies association. Podedwoérze IG 2 borehole, depth 697.5 m

Interpretation. The tidal succession shows many features
in common with a model succession of deposition in tidal
channels that developed in the intertidal zone of the Ediacaran
succession of the Lyell Land Group of the Eleonore Bay
Supergroup from northeast Greenland (Tirsgaard, 1993).
The model of sedimentation in tidal flat channels, created by
Tirsgaard, involved the effect of environmental parameters
different from the recent ones but specific of Ediacaran,
pre-vegetational times. Tidal channels that developed on

modern tidal flats commonly have a well-defined channels,
meandering character, very well-developed fining-upward
units and high contents of mud. Lack of vegetation and
smaller mud content in the Ediacaran environments resulted
in an increase of channel bank instability. These factors
caused the formation of shallow and poorly defined channel
morfologies of a braided character and lateral migration of
channels across the tidal flat. Very fast vertical aggradation
under high-energy flow took place in the Greenland channels
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(Hamberg, 1991; Tirsgaard, 1993). The features in common
for tidal channel suits in both studied and Greenland’s succes-
sion are the following: similar sedimentary structures se-
quence indicating high-energy sedimentation in channels,
clear predominance of coarse-grained material of the channel
fills and interbedding of sandstone channel-fills with hete-
rolithic deposits of the mixed flat. Among the features differen-
tiating both these sequences is, first of all, a different structure
of their channel fills. Greenland’s channels are characterised
by multistorey sand sheets. Individual sand sheets are sepa-
rated by erosional surfaces. The studied channels have a less
complicated structure and most of them are composed of
a single sand sheet. It suggests weaker vertical aggradation of
the sediment in the channel. In contrast to the Greenland’s
channels, the analysed deposits are interlayered not only with
mixed flat but also with sand and mud flat sediments. It is es-
pecially worth noting that the channel deposits are relatively
frequently interlayered with mud flat deposits. It indicates
a greater content of mud material, which allowed the develop-
ment of the mud flat within the succession.

Compared to subtidal channels, very low-relief erosional
surfaces, small thickness of channel fills and the presence of
thin basal lag beds suggest (Fig. 29D) relatively small-scale
and shallower tidal channels located in a more proximal posi-
tion within an estuarine tidal flat complex. The exclusive
presence of channel packages in the upper portion of the tidal

succession, corresponding to the intertidal zone, especially
distinctly interlayered with sand, mixed and mud tidal flat de-
posits (Figs. 22-25) implies deposition in tidal channels de-
veloped in the intertidal zone.

Frequent ripple cross-laminated intervals observed in
the upper part of the tidal channel complex indicate deposi-
tion from rhythmical bed transport and suggest a fall of ener-
gy flow in channels of the upper parts of mixed tidal flat at the
transition to the lower mudflat. This is the so-called death
tidal channel zone that occurs at the mudflat/supratidal zone
boundary (Borrego et al., 1995). Because the analysed sec-
tions show incomplete tidal flat sequences, most of the chan-
nels ended within the upper part of the mixed flat. None of
the analysed sections contain supratidal deposits overlying
facies packages of the tidal flat. The lack of supratidal facies
may have been due to removal of deposits by erosion during
the five successive transgressive events which flooded the tidal
flat. Another explanation for the absence of the supratidal
zone is that it did not develop on both open and protected
Neoproterozoic tidal coasts (Deynoux et al., 1993). Its ab-
sence can also be explained by periods of increased subsi-
dence rate in the basin, exceeding sedimentation rate on
the tidal flat (e.g. Alam, 1995). Above the maximum flooding
surface, the tidal complex is overlain by the prograding upper
shoreface packages.

OPEN COAST DEPOSITIONAL SYSTEM

Upper shoreface facies association

Description. The upper shoreface facies association is fea-
tured by the presence of coarse- and fine-grained sandstone
facies SCI, SFh and Sx. Facies SFp is subordinate. Mudstones
are rare and represented by facies F. The trace fossils occur in
very small amounts.

Interpretation. The upper shoreface is an open-marine
coast area located in the high energy surf zone and lies land-
ward of the breaker zone (MacEachern, Pemberton, 1992)
(Fig. 9). This zone is dominated by wave driven currents
paralleing to shoreline and currents generated by tranlatory
flow associated with plunging wave. The upper shoreface is
characterised in the study area by predominant sandstone in-
tervals containing low-angle planar cross-bedding, interbedd-
ed with intervals containing high-angle planar cross-bedding.
This is a record of migrating multi-directional sinusoidal
magaripples (op.cit). Strong sediment mobility in the upper
shoreface zone, due to the process of bedform migration,
enabled inhabiting of sand deposits by filtrators dwelling in
vertical or oblique burrows. Due to stress-inducing living
conditions for the tracemakers, the ichnological spectrum of
the upper shoreface facies association is very poor. Trace fos-
sils are represented by filter-feeders’ domichnia Monocra-
terion isp. It is due to environmental conditions unfavourable
for the preservation of dwelling burrows. Such conditions in-

cluded mainly high environmental energy and predomina-
tion of cohesionless properties of coarse-grained deposits of
the prograding shoreface (Frey, Howard, 1988). On the other
hand, low organic matter content, resulting in reduction of nu-
trients in such a high-energy environment, efficiently elimi-
nated deposit-feeders from the habitat, dwelling within the se-
diment in horizontal feeding burrows. Distinctive feature is
the presence of very well developed erosional surfaces at
the base of fine-grained sandstone beds of facies SFp and Sx.
Directly on the erosional surface or above in the sandstone,
there are randomly distributed mudstone and claystone clasts.
These packages represent the proximal upper shoreface pro-
grading during the highstand.

Lower shoreface facies association

Description. The lower shoreface facies association in-
cludes facies SFh, SFp, Sx and SFI. The common sedimentary
structure is ripple cross-lamination observed in sandstone fa-
cies SFr. Also frequent is flaser lamination represented in sand-
stone facies SFf'and mudstone facies F. Facies SFp is the least
common. Abundance and diversity of trace fossils are high.

Interpretation. The lower shoreface is situated between
fair-weather (normal wave base) and maximum wave base
(storm wave base) (Fig. 9). This is an area of dominant wave,
high-energy conditions. Most sedimentary structures reflect



Open coast depositional system 53

Fig. 36. Trace fossils of the shoreface and offshore zones, early Lower Cambrian, Mazowsze Formation

A — Trichophycus pedum (Seilacher), upper offshore facies association, Terebin IG 5 borehole, depth 3638.2 m; B — Treptichnus triplex Palij, lower shoreface
facies association, Busowno IG 1 borehole, depth 3481.8 m; C — Treptichnus bifurcus Miller, upper offshore facies association, Lopiennik IG 1 borehole, depth
5223.8 m; D — x: Gyrolithes polonicus Fedonkin, y: Planolites montanus Richter, lower shoreface facies association, Buséwno IG borehole, depth 3495.0 m;
E — Teichichnus rectus (Seilacher), vertical cross-section of the retrusive type of feeding burrow, produced by organism moving upwards in order to match
the rate of sedimentation, lower shoreface facies association, Radzyn IG 1 borehole, depth 1535.0 m; F — Skolithos isp., vertical section of the dwelling burrow,
lower shoreface facies association, Parczew IG 10 borehole, depth 2102.0 m

storm deposition. The most common is hummocky- and  drill cores makes it impossible to confidently ascertain the pre-
swaly cross-stratification (Raychaudhuri ef al., 1992). In  sence of typical storm structures in the analysed sections. In
the analysed material, hummocky cross-stratification can be  the lower shoreface numerous, thin mudstone interbeds of fa-
recorded in sharp-based and scoured sandstone beds of facies  cies /' contain abundant trace fossils represented by a diversi-
SFh, SFL and Sx. However, the limited observation area of  fied assemblage of deposit-feeder burrows of Planolites mon-
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tanus Richter, Planolites beverleyensis (Billings), Teichich-
nus rectus (Seilacher) (Fig. 36E), Treptichnus triplex Palij
(Fig. 36B), Gyrolithes polonicus Fedonkin (Fig. 36Dx) and
Trichophycus pedum (Seilacher) (Fig. 36A). Filter-feeders’
domichnia are represented by rare Bergaueria isp. and Mono-
craterion isp. Another domichnia Skolithos isp. (Fig. 36F) is
more rarely observed.

Upper offshore facies association

Description. The upper offshore facies association is repre-
sented by the characteristic domination of facies SFr, SFfand
SFo, heterolithic facies F'S and mudstone facies F. Facies SFp
is very occasional. Another peculiar feature is the occurrence of
an ichnotaxonomically and ethologically diversified trace fos-
sil assemblage. The most common are feeding-dwelling bur-
rows (fodinichnia); dwelling burrows (domichnia) are less
frequent. Abundance of trace fossils is moderate to high.
The bioturbation index (BI) is 4-6. Ichnodiversity is moderate.

Interpretation. The upper offshore zone is situated within
maximum (storm) wave base (Howard, Frey, 1984; Pember-
ton et al., 1992b) (Fig. 9). This zone is affected by great
storm-wave action only. Flaser, wave and ripple cross-lami-
nation are a relict of storm wave ripples. Most of trace fossils
belong to deposit-feeders’ fodinichnia represented primarily

by Teichichnus rectus (Seilacher), Teichichnus isp., Tricho-
phycus pedum (Seilacher) (Fig. 36A), Trichophycus isp.,
Planolites beverleyensis (Billings), Planolites montanus Rich-
ter, Planolites isp., Treptichnus bifurcus Miller (Fig. 36C),
Gyrolithes polonicus Fedonkin and Neonereites uniserialis
Seilacher. Burrows of deposit-feeders predominate in he-
teroliths of facies F'S and mudstone facies £, indicating slow
mud sedimentation from suspension, which favoured both
a high concentration of nutrients in the sediment and its suffi-
cient oxygenation (Fillion, Pickerill, 1990). The predomi-
nance of fodinichnia deposit-feeders in low-energy upper oft-
shore environments supports the opinion that increased nu-
trient contents in the sediment with simultaneous good oxy-
genation of the basin resulted in higher activity of deposit-
-feeders. Due to their activity, the bioturbation index in
the upper offshore association is high (4-6). The frequency of
filter-feeders’ dwelling burrows is small. Domichnia are rep-
resented by Bergaueria isp. burrows and rare Skolithos linea-
ris Haldemann and Monocraterion isp. They are observed
mainly in facies SFr. The rarity of filter-feeders’ dwelling
burrows in the upper offshore as compared with shoreface set-
tings suggests a deepening of the sedimentary environment
and its lower energy. The tracemakers favoured higher energy
habitats providing more nutrient resources in suspension.
Very rare are crawling traces (repichnia) Gordia isp.

DEVELOPMENT OF THE ALLUVIAL DEPOSITIONAL SYSTEM

Alluvial depositional systems of the eastern and north-
-eastern parts of the Lublin—Podlasie basin overlie the late
Ediacaran volcanigenic rocks of the Stawatycze Formation.
The top of Stawatycze Formation is dated by U/Pb SHRIMP
at 551 + 4 Ma (Compston et al., 1995) (Fig. 5). In the Lub-
lin—Podlasie basin, deposition of the Siemiatycze Formation
alluvial deposits started probably after a period of epigenetic
erosion. Erosional processes removed a large volume of effu-
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sive, volcaniclastic and epiclastic rocks. Prior to the erosional
processes, volcanigenic deposits were widespread in the wes-
tern marginal zone of the late Ediacaran trap basalt province.
Sedimentation of the post-volcanic alluvial system is strict-
ly associated with the late Ediacaran tectonic evolution of
the Lublin—Podlasie basin. Systems of braided rivers/streams
and alluvial fans developed during the late stages of synrift
phase. Initially, the deposition took place on topographically

Fault escarpment
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Fig. 37. Rift valley with transverse drainage of alluvial fans. Early stage of alluvial depositional system development
in tectonic grabens in the Podlasie part of Lublin—Podlasie sedimentary basin
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variable areas in tectonic grabens and half-grabens (Paczesna,
2006). The NW-SE orientation of the axes of large grabens
was consistent with the trend of the major rift system that de-
veloped during the late Ediacaran on the western margin of
Baltica (Poprawa, Pacze$na, 2002; Jaworowski, Sikorska,
2003; Paczesna, Poprawa, 2005a, b; Pease ef al., 2008).

The early stage of the development of the late Ediacaran
hydrological drainage of the basin involved the formation of
transverse drainage in rift valleys. The characteristic depo-
sitional element of this stage is the occurrence of alluvial fans
that developed at the foot of fault escarpments in tectonic

grabens and half-grabens (Fig. 37). Coarse-clastic alluvial fan
deposits observed in the basal parts of borehole sections in
the north-eastern region of the Podlasie Depression are good
examples of such sedimentation. The presence of coarse-
-clastic material was most likely associated with synsedi-
mentary faulting in the Iwanki Rohozy—Krzyze depocentre
(Paczesna, 2006) (Fig. 38). The coarsest, conglomeratic allu-
vial fan deposits occur in this area in proximal zones near fault
escarpments (near the Iwanki Rohozy section, north of de-
pocentre), and probably represent gravity debris flows. The cha-
racteristic features of these conglomerates are grain angular-
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ity, lack of sorting and massive structure. The gravity debris
flows may have occurred as catastrophic flash-flooding events.

Towards the south-east, both within the Iwanki Roho-
zy—Krzyze depocentre and outside, the grain size gradually
decreases. Coarse-grained arkosic sandstones and cross-
-bedded medium-grained sandstones with rare fine-grained
varieties are observed in this area. They represent distal parts
of small and steep alluvial fans deposited either from sheet-
floods or in shallow braided channels that developed on
the fan surface.

Alluvial fans also formed in areas extending near sloping
elevations of the crystalline basement. In the Parczew IG 10,
alluvial fan deposits occur in the lowermost part of the section
(Fig. 10B), directly overlying the crystalline basement. They
are represented mostly by very coarse-grained arkosic sand-
stones containing large feldspar grains, and conglomerates
composed of angular clasts of quartz and crystalline rocks.
Angular clasts are indicative of short transport. The alluvial
fan drainage basin of the Parczew region extended in the area
composed of crystalline rocks of the Parczew Elevation.
The existence of this elevation was proved by geophysical in-
vestigations (Pozaryski, Tomczyk, 1993). Detrital material
was supplied to the alluvial fan from the elevation covered
with a weathering mantle. The Kaplonosy IG 1 section is also
located in the distal part of the alluvial fan probably. Coarse-
-grained deposits observed in Kaplonosy IG 1 were associ-
ated with a hypothetical local crystalline basement elevation.
Like in Parczew IG 10, the very coarse-grained sandstones are
typical of the entire alluvial interval. In contrast to the Krzyze
IG 4 and Parczew IG 10 sections, the Kaplonosy alluvial suc-
cession is slightly more fine-grained (comp. Fig. 10C and
fig. 10A, B). It can suggest a longer distance to the source area
represented by an alluvial fan situated at the foot of a hypo-
thetical crystalline basement elevation.

The alluvial fans were source areas for large braided
rivers. During the initial stages of hydrological closure of
the rift valleys, drainage basins of the alluvial fans and flu-
vial braided system were limited to the individual valleys

(de Almeida et al.,2009). As the rifting processes were propa-
gating from the north to the south and their intensity was de-
creasing, the relief of the north-eastern areas of the basin be-
came gradually levelled. Axial hydrological drainage became
an important depositional factor in the basin. It occurred in rift
valleys that developed as a result of coalescing of serial
half-grabens into large systems. The systems were probably
separated from one another by escarpments which were sub-
jected to gradual degradation as the erosional processes inten-
sified and tectonic activity of the escarpments decreased.
These phenomena facilitated expansion of river-drainage
processes that caused transfer of fluvial sediments towards
the neighbouring depocentres (Smith, 1994; Peakall et al.,
2000), as there were no elevated structural elements separat-
ing the basins.

The general palacogeographic setting of the alluvial basin
was relatively unified in its facies pattern during the final
stages of alluvial deposition. The marginal, western and
northern regions of the basin were the areas of deposition in
distal parts of alluvial fans. These were source areas to large
braided rivers flowing down transverse to the axis of the sedi-
mentary basin. The facies record of depositional processes of
transverse braided river systems is provided by the Krzyze IG
4 (Fig. 10A), Kaplonosy IG 1 (Fig. 10C), Parczew IG 10
(Fig. 10B) and Busowno IG 1 (Figs. 12C, 39) sections.

At the end of alluvial deposition, the central, axial zone of
the elongated alluvial basin was occupied by a SE-sloping al-
luvial plain covered with an anastomosed system rivers (Fig.
40). Their sedimentary records can be found in the Niwa 1
(Figs. 12B, 41), and Swiecica 1 (Figs. 12A, 42) located in
the south of the central region of the sedimentary basin.
Anastomosed river deposits were also found in Radzyn IG 1
(western part of the basin) (Fig. 15A) and in Mielnik IG 1
(north-eastern part of the basin) (Fig. 15B).

An increase in regional subsidence was an important tec-
tonic process that controlled the facies pattern of the alluvial
basin infill. The process caused faster sinking of the southeast-
ern areas of the basin, resulting in a simultaneous increase of
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Fig. 40. Late stage of alluvial depositional system development in a rift valley gradually filling with axial anastomosed system
rivers deposits. Note occurrence of small alluvial fans and braided rivers near fault escarpments
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60 Late Ediacaran climatic changes — a record in facies

accommodation space and rise of relative sea level. Due to
tectonic processes, the area of continental deposition in
the basin extended southwards. It was accompanied by a gra-
dual reduction in detrital material supply to the basin because
of weaker erosional processes and denudation in source areas.
In the facies pattern of the sections, the process manifested

itself by the increase in the proportion of fine-clastic deposits

represented by medium- and fine-grained sandstones and
mudstones in braided floodplain facies successions (Fig.
14A—C) and by the development of anastomosed system
rivers.

LATE EDIACARAN CLIMATIC CHANGES - A RECORD IN FACIES

In the western peripheries of Baltica, a long period of an
arid and desert climate was gradually replaced by a more hu-
mid one. Basinwide alluvial deposition became replaced
with time by a variety of very shallow marine depositional
settings. The increase in humidity was associated probably
with a global sea-level rise after the retreat of the last
Gaskiers ice-sheets covering the continents (e.g. Young,
2004; Halverson et al., 2005; Fairchild, Kennedy, 2007).
The deglaciation process induced a continuous trend of rela-
tive sea-level rise in this region of Baltica, lasting until the
end of Ediacaran. The climatic changes gave rise to a com-
plete restructuring of the facies pattern in the Lublin—Pod-
lasie basin.

The supposed climatic changes in the western peripheries
of Baltica are recorded in the facies of fluvial sections of
the analysed basin. The lower part of the sections is arecord of
deposition in braided rivers and streams associated with allu-
vial fans in rift valleys. The facies spectrum was dominated by
coarse-grained deposits suggesting upper flow regime. Dur-
ing the initial stages, it was a transverse drainage of valleys
(Fig. 37). This stage was characterised by the occurrence of
episodic, ephemeral braided rivers and streams with very in-
tense flows of upper flow regime. Strong traction and salta-
tion processes occurred in ephemeral river channels. These
were typical bedload channels. Both in the past and today,
they occur in an arid and semi-arid climate. Ephemeral dis-
charge was probably controlled by seasonal, low annual rain-
fall (Hiller ez al., 2007). Under such climatic conditions, very
intense weathering processes took place in source areas and
resulted in a supply of large amounts of coarse-grained mate-
rial to the ephemeral braided river basins.

Upper in the braided river sections, a fining-upward trend
is observed both in channel and floodplain deposits (Fig. 10B,
14A—C). Although a lot of sediment was still transported in
upper flow regime, the increase of fine-grained facies sug-
gesting lower flow regime can be related to a change in hydro-
logical regime.

The fining-upward trend in deposits suggesting lower
flow regime of the fluvial deposits can reflect braided peren-
nial or semi-perennial rivers with episodes of intense floods
(e.g. Long, 2006). The braided perennial rivers existed under
a more temperate climate as compared with climatic condi-
tions under which the lower parts of the sections were accu-
mulated. Increased humidity is proved by more common de-
position in crevasse splays in anastomosed system rivers (Fig.
15A), associated with strong flood surges.

Another fact, which can indicate different climatic con-
ditions between the sections, is a change in colour of the sed-
iment. The lower part of the alluvial sections shows brown-
ish and red to variegated colouration of coarse- and fine-
-grained deposits. Upper in the sections, there is a gradual
transition into grey and yellow colour in sandstones, and into
black and dark grey colour in claystones and mudstones.
Brownish colouration of deposits is due to the presence of
large amounts of iron compounds in the matrix (cement),
originating from chemical and mechanical weathering in
a hot and arid climate (deserts and semi-deserts). Dark
colours of continental deposits are typical of sedimentation
in a more humid climate.

The alluvial-estuarine succession covers the time interval
from ca. 551 4 Ma to ca. 542 Ma. The former date is con-
strained by U-Pb zircon age of the uppermost tuff horizons
that underlie the aluvial deposits (Compston et al., 1995).
The latter defines geochronological age of the Ediacaran/Cam-
brian boundary (International Commission on Stratigraphy,
2010) and roughly corresponds to the age of the top of the suc-
cession under study. Taking into account the relatively long
time interval of the succession (ca. 9 Ma) it can be hypotheti-
cally assumed that the potential climatic changes recorded in
the alluvial system facies could be related to the drift of
Baltica after the final stages of breakup of the Rodinia su-
percontinent. Palacomagnetic data indicates that Baltica and
nearby Laurentia drifted from the moderate southern lati-
tudes (60-30°S) (Nawrocki ef al., 2004; McCausland et al.,
2007) or alternatively moderate northern latitudes (e.g. Popov
et al., 2002;) to the palacoequator during the period of about
560-540 Ma. During the drift, Baltica was rotated anti-
clockwise of ca. 120°. Palacomagnetic data, suggesting the pro-
ximity of these two continents, are supported by a similarity
between microbiota from different sections of Baltica and
Laurentia. Taxonomically similar assemblages of cyanobac-
teria and acritarchs suggest shallow-marine shelf areas ex-
tending between Baltica and Laurentia, which enabled migra-
tion of benthic microbiota and phytoplankton (Moczydtow-
ska, 1991; Pease et al., 2008). The ultimate separation of
the continents occurred about 560-550 Ma (e.g. Cawood
et al., 2007; Elming et al., 2007).

The climatic changes may have been related to the drift
of Baltica from middle southern latitudes to equator ca.
560-540 Ma. As at ca. 547-548 Ma, Baltica was in the pa-
lacoequator zone and the marine transgression progressed,
climate became more humid. The late Ediacaran restructur-
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ing of the facies pattern may have been caused by climatic
changes. Both the progressing marine transgression and
more temperate climate gave rise to the formation of two fa-
cies zones in the late Ediacaran basin. The northern and north-
eastern (Podlasie Depression) zone of the basin remained

continental and characterised by fluvial sedimentation in
braided rivers with a fluctuating but perennial discharge. In
the central and southeastern area, alluvial sediments gradu-
ally passed into a variety of marine deposits of tidal depositio-
nal environments.

FACIES ZONATION OF THE LUBLIN ESTUARY

FLUVIAL-MARINE TRANSITION — INNER ESTUARY

One of the arguments for estuarine origin of the late
Ediacaran siliciclastic succession in the Lublin—Podlasie ba-
sin was the occurrence of the characteristic tripartite vertical
succession in the north of the Lublin region: alluvial deposits
— deposits of alluvial/tidal transition-tidal deposits. The suc-
cession is observed in the Kaplonosy IG 1 (Fig. 20), Parczew
IG 10 (Fig. 19) and Radzyn IG 1 (Fig. 17) sections. The middle
member of the succession corresponds to a zone where facies
associations representing continental fluvial deposits are mix-
ed with subordinate tidal deposits.

According to the classical definition proposed by Dalrym-
ple et al. (1992), an estuary is the seaward part of a drowned
valley system which receives sediment from both fluvial and
marine sources and which contains facies influenced by tide,
wave and fluvial processes. The estuary is considered to ex-
tend from the landward limit of tidal facies at its head to
the seaward limit of coastal facies at its mouth.

The definition determines development of the estuary as
dependent on the relative sea-level rise during a transgres-
sion. According to the above presented definition, another ar-
gument that can support the occurrence of estuarine deposits
in the succession is its transgressive nature controlled by local
tectonic factors (Paczeéna, Poprawa, 2005a, b).

Referring to the terminology and facies zonation in estuar-
ies (Dalrymple et al., 1992), the fluvial-marine transition
zone represents the inner estuary referred to as the upper
estuary by some authors (e.g. Borrego et al., 1995; Carr et al.,
2003; Greb, Martino, 2005).

The lower member of the succession from the northern
area of the Lublin region is composed of alluvial deposits rep-
resenting alluvial fans and braided rivers and streams. They
were discussed in detail in the previous chapters. Therefore,
only the topmost parts of the alluvial succession will be dis-
cussed here briefly. They are directly overlain by fluvial-ma-
rine deposits of the transition zone.

The fluvial-marine transition zone from Kaplonosy IG 1 is
the best marked among the three sections. It was encountered
at a depth of 1423.0-1401.5 m (21.5 m in thickness). The fol-
lowing facies succession is observed (Fig. 43A):

SCI—=SCm—SCx (braided river channel) ->SFm—SCx—
SEm—SCx—SFm—SCx—SFm—SCx—SMx—SCx—SMx
(braided floodplain) —SMx—SMI—SFr (transition inte-
rval-braided river channel/tidal channel) —F% (mixed ti-
dal flat) —»SCI (tidal channel) —Fh (mixed tidal flat).

In Parczew IG 10, the transition zone is recorded at a depth
0f2283.0-2271.5 m (11.5 m in thickness). The facies succes-
sion is as follows (Fig. 43B):

SCI—SM (braided river channel) —SFm (braided flood-
plain) —SC (braided river channel) ->SFm—SCx—SFm
—SCx—F (braided floodplain) —SCx (transition inter-
val-braided river channel/tidal channel) —SFr—SFf (sand
tidal flat) —SCm (tidal channel) —F# (mixed tidal flat).

The Radzyn IG 1 section differs from the remaining two
sections in the development of the transitional succession. It
was recorded at a depth of 1657.0-1640.6 m (16.4 m in thick-
ness). Channel deposits of facies SCm, 2 m thick, and the 8 m
thick package of floodplain deposits with crevase splays,
composed of interbedding mudstone facies ' and sandstone
facies SFm is overlain by tidal channel deposits represented
by facies SCx and SCr. The following members are observed
in the transitional succession (Fig. 43C):

SCm (channel) >F—SFm—F—SFm—F—SFm—F—SFm
—>F->SFm—F—>SFm—F—->SFm—F—-SFm—F—SFm
—F—SFm—F—SFm—F (anastomosed river floodplain
with crevasse splays) —SCx—SCr (transition inter-
val-tidal channel/anastomosed river channel) —Fh
(mixed tidal flat) —SCx (tidal channel) —F% (mixed tidal
flat).

There are few direct evidences of tidal activity in the tran-
sition zone. In each of the three sections, the uppermost flu-
vial package represented by both channel and overbank de-
posits is directly overlain by sediments which are only slight-
ly modified by tidal currents.They consist of coarse-grained
facies SC, SCp, SCI and SMr and thinly laminated sand-
stone-mudstone-claystone heteroliths of facies F/. The last
facies represents tidal rhythmites deposited on the mixed tidal
flat. Thicknesses of the first packages of heteroliths vary be-
tween 0.30 and 0.50 m in the Kaplonosy IG 1 and Radzyn IG 1
sections. In the Parczew IG 10, tidal channel deposits are
overlain by fine-grained sandstones of facies SFf, represent-
ing the sandflat. Although rhythmites are deposits typical also
of fluvial terraces and lake littorals, their tidal origin is con-
firmed here by the co-occurrence with other tidal indicators
such as mud diapirs and reactivation surfaces. A marine origin
of heterolithic deposits is definitely supported by frequent
trace fossils of Planolites montanus Richter and Torrowan-
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gea rosei Webby as well as Cyanophyta thallus of Vendotae-
nia antiqua Gnilovskaya.

Other evidences of tidal origin of heterolithic deposits are
thin (often up to 1 mm in thickness) mud drapes occuring
within cross-beds of sandstone facies SF/ and rarely SMI.
The sandstones form thin, up to 30 cm thick beds in sand-
stone-mudstone-claystone heteroliths. The main reason for
small thickness of mud drapes was a low content of mud mate-
rial in the transition zone. It results from the fact that it was
the zone of strong activity of river currents that transported
mainly coarse-grained material into the sea. Small amounts of
mud material were deposited in the transition zone by tidal
currents on inter-channel mud shoals. Thickness of these
sparsely represented deposits does not exceed 0.5 m.

Direct evidences for the existence of tides in the upper es-
tuary area include also occurences of bimodal cross bedding
as a record of current reversals. Bimodal cross bedding was
identified in coarse-grained sandstones of facies SCx and SC/
in the Kaplonosy IG 1 and Parczew IG 10 sections.

The same facies succession is observed in all the analysed
sections: facies Fh appears as the first, being underlain by fa-
cies SCr, SCx, SCI and SMr. Direct contact between the tidal
flat deposits and the underlying coarse-grained sandstones in-
dicates that the latter could represent tidal flat channels. Ge-
netic relationships between the mixed tidal flat and the tidal
channel facies association are suggested by their immediate
superposition in the vertical succession. It can be related to
the occurrence of tidal flats along the tidal channel banks.

Mixed tidal flat deposits have been often observed in
the upper zones of ancient estuaries. However, it is commonly
a fragmentary record proving their poor development in
the inner estuarine zones (e.g. Hori et al., 2001; Carr et al.,
2003; Dalrymple, Choi, 2007; Kitazawa, 2007; Hovikoski
et al., 2008). In the fluvial-marine transition zone of modern
estuaries, mixed tidal flat deposits commonly occur in the up-
per parts of inclined heterolithic stratification of channel mar-
gin successions (Dalrymple, Choi, 2007).

Indirect evidences for tidal deposits in the succession in-
clude both the occurrence of the tidal facies succession and
the underlying packages of low-angle and high-angle cross-
-bedded coarse-grained sandstones. The latter can suggest
both fluvial and tidal depositional environments and suggest
respectively upper or lower flow regime and indicate deposi-
tion under conditions of increasing or decreasing energy. In
each of the three sections, the uppermost fluvial package rep-
resented by both channel and overbank deposits is directly
overlain by sediments which are only slightly modified by
tidal currents.

The relative scarcity of tidal indicators in the fluvial-ma-
rine transition zone results from the fact that the effect of tides
on both depositional processes and morphology of coarse-
-grained deposits is limited as compared to the effects of flu-
vial and wave activities. Tides show low ability to remobilize
deposits containing the coarse-grained sand and gravel frac-
tions (Dashtgard, Gingras, 2007).

In the transition zone, a net seaward transport occurred due
to relatively strong fluvial flows. The supply of fluvial material

increased seasonally during periods of high discharges of the
rivers. In the fluvial-marine transition zone, marine and fluvial
deposits were mixed. The presence of transition zone could
cause development of braided tidal-channel networks in
the initial phase of estuary development. The phenomenon of
braided character of tidal channel is relatively rare in modern
and ancient estuaries (Dalrymple, Choi, 2007). The Ediacaran
environmental conditions, especially lack of vegetation and
low mud content, resulted in instability of channel banks in
the transitional zone (Smith, 1976). Due to these factors,
the channels could have poorly defined morphology of a braid-
ed character. Because of a steep gradient of braided plain,
the zone of mixing of tidal and fluvial processes should be short
(Dalrymple et al., 1992; Dalrymple, Choi, 2007). Transition
zone of the Lublin estuary was probably relatively narrow and
extended over at most several kilometres to the south of the line
Radzyn 1G 1-Parczew IG 10—Kaplonosy IG 1. The late Edia-
caran channels from the Lyell Land Group, northeast Green-
land, can be an example of such a braided pattern of tidal chan-
nels. These are shallow, very wide channels of relatively poorly
defined morphology, continously shifted position and cut into
previously active channels. This created the architecture of
multistorey tidal channel sand sheets (Tirsgaard, 1993).

The presence of braided patterns of tidal channels in
the transition zone can be proved by both the occurrence of
very coarse-grained deposits of facies SC and SCx composing
tidal channel fills. Assuming the existence of braided patterns
of tidal flats in the inner estuary, we can presume that the tidal
channel fills may have been represented by transverse sand
bars composed of coarse-grained sandstone facies SC, SCx and
SMI, like in braided channels. Based on the spectrum of sedi-
mentary structures in the channel fills, can recognise arecord of
upward decreasing flow energy within the environment.
The following facies sequence can prove the existence of such
aprocess: SMx—SMI—SFr—Fh (Kaplonosy IG 1; Fig. 43A).

The studied ancient estuary was most likely a hyper-
synchronous as defined by Dalrymple, Choi (2007). This
means that the funnel-shaped geometry of estuary caused an in-
crease in the tidal range and speed because of the progressive
decrease in cross-sectional area and increase of convergence of
the banks of estuary in transitional zone (Fig. 44). In addition,
convergence could be enhanced by a specific relief of areas sur-
rounding the transition zone. The transition zone convergence
was constrained by the presence of two, located opposite in
ashort distance, elevations of the Palacoproterozoic crystalline
basement, represented by the geophysically proved Parczew
elevation and the hypothetical Kaplonosy elevation. Hyper-
synchronous conditions are typical of tidal-dominated estuar-
ies (e.g. Dalrymple et al., 1992; Kitazawa, 2007).

Changeability of sediment dynamics caused by cyclic
changes in hydrological regime in tidal channels of the transi-
tion zone roughly corresponded to the constraints on the de-
position of transverse bars in braided channels during both
water level drops and decreases in flow energy. Additionally,
low proportion of mud and an absence of vegetation make that
studied deposits are similar to facies successions from river
channels (Eriksson ef al., 1995).
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Fig. 44. Hypersynchronous system of tidal range and tidal
current speeds along the length of a macrotidal-dominated
estuary. The progressive decrease in cross-sectional area in
funnel-shaped estuary causes the tide to increase in range.
Beyond the tidal maximum point, friction on the bottom
causes tidal range and tidal current speeds to decrease to zero
at the tidal limit (after Dalrymple, Choi, 2007, modified)

In the area north of the Kaplonosy IG 1-Podedworze 1G
2—-Parczew IG 10-Radzyn IG 1 line, there are neither tidal de-
posits nor signs of effects of tidal currents in the fluvial suc-
cessions. Alluvial deposits are the only ones in this area
(Pacze$na, 2006). Therefore, it may be inferred that the tidal
limit zone extended over a small area, a few kilometres to
the north and south of these boreholes.

Another argument supporting tidal nature of the estuary is
the lack of bay-head delta deposits in the transition zone dur-
ing the transgressive stage of the estuary evolution. They are
typical of wave-dominated estuaries and are deposited by
rivers at the head of the estuary in a zone of their influence. In
tidal estuaries, strong tidal currents push clastic material car-
ried by rivers back into river channels, thus preventing from
both deposition and progradation of delta lobes in the upper
estuarine zones.

None of the sections from the transition zone shows coars-
ening upward cycles that could suggest a progradation trend
within the succession.

The upper part of both ancient and modern estuaries is
characterised by the presence of straight tidal channels. Their
sinuosity increases seawards (e.g. Hori et al., 2001; Greb,
Martino, 2005; Eriksson et al., 2006; Kitazawa, 2007). No
meandering channels on tidal flats have been reported to date
from the Precambrian deposits. There are also no meandering
rivers (Eriksson et al., 1998, 2006). It is assumed that Precam-
brian tidal channels were straight or of very low sinuosity. In
most cases, these were wide sandy tidal channels filled with
a few metres thick sand sheets (Tirsgard, 1993; Corcoran
et al., 1998; Eriksson et al., 2000).

In the estuary conditioned by marine transgression, two
main trends revealed within the vertical facies succession of
the fluvial-marine transition zone. The first one is a progres-
sive upward increase in the proportion of tidal facies associa-
tions and the presence of direct evidence for tides. The facies
associations represent deposits of both tidal channel environ-
ments and other zones of tidal flats (sandflat, mixed flat and
mudflat). A higher frequency of evident tidal indicators such
as mud drapes on the foresets within cross-bed sets, reactiva-
tion surfaces and cyclic rhythmites proves an increasing influ-
ence of tides in creating the facies pattern as the transgression
advanced.

The other trend is a remarkable upward decrease in the con-
tent of coarse grains in sandstones observed in the trans-
gressive estuarine succession (Fischbein et al., 2009). This is
also a record of decreasing fluvial effect on sedimentary pro-
cesses in the transition zone. The probable record of fluvial
effects is manifested only by the presence of coarse-grained
facies in tidal channel fills in the lower tidal part of the succes-
sion. These represent channels that developed mainly on
the sandflat, rarely on the mixed flat and mudflat. In the facies
spectrum, the channel fills are represented mostly by facies
SCI, SCm and SCx. Towards the top of studied succession,
the thickness of channel fills increases. This fact can suggest
increasing depths of the channels. The shallowest channels
occurred in the lower part of the tidal succession. Their in-
ferred depth did not exceed 1.0 m. As the effect of tides was
increasing in the basin, the channels were getting much
deeper. Their depth in the upper part of the tidal succession of
the Radzyn section is estimated 3.5—4.5 m. It is worth noting
that most of the deep channels were associated with the sand-
flat. Tidal channels of other were shallower and commonly
developed on the mixed flat.

The inner estuary is featured by very well developed
sandflats. Thickness of the sandflat deposits varies from 1.0 to
3.5 m. The sandstone packages consist of facies SC/, SFh, SF
and SFm. The fine-grained sandstones are typically well
sorted. Additionally, facies SFr and SFfare observed in some
sandflat packages. Facies SF/ occurs most frequently within
the sandflat facies association. A good example of the fact is
the sandflat deposits observed in the Podedworze 1G 2 section
(Fig. 18). Horizontal stratification indicates a deposition in
extremely high-energy tidal flat environment of upper flow
regime. This is a zone of high velocity tidal currents charac-
teristic of the tidal-energy maximum in tide-dominated estu-
aries (Dalrymple et al., 1990; Greb, Martino, 2005; Kitazawa,
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Fig. 45. Braided pattern of tidal flat in the upper Lublin estuary during the earliest stage of parasequence PS1 development

2007). It seems problematic whether the upper-flow regime
tidal flat occurs in the inner estuary. High-energy sandflats of
ancient and modern tide-dominated estuaries are situated
within the middle estuary. In the Lublin estuary, the location
of high-energy sandflats in the upper estuarine parts can prob-
ably be explained by the braided pattern of tidal flats (Fig. 45).
High energy of the deposition on braided sandflats could

completely prevent meandering tidal channels development.

However, the braided sandflats were characterised by straight
channels in both the upper and middle estuary. In the tide-
-dominated Lublin estuary, with an extensive zone of braided
sandflats that expanded seawards during transgressive events,
the low-energy zone may have been absent.

MIDDLE ESTUARY

All tide-dominated systems (estuaries and deltas) contain
a mixed-energy, fine-grained sand dominated bedload con-
vergence zone that is situated below tidal limit zone, between
an inner, fluvially dominated part of the estuary that has net
seaward-directed transport and an outer, tide-dominated part
that has landward-directed transport. In modern estuaries
with small river, bedload convergence occurs a few kilo-
metres away from the tidal limit zone, within tidal-fluvial
transition. An example is the Cobequid Bay-Salmon River es-
tuary, eastern coast of Canada (Dalrymple et al., 1991). In es-
tuary with large river, the Gironde estuary, bedload conver-
gence is situated ca. 20 km from tidal limit zone and ca. 30 km
from the estuary mouth, in middle part of estuary (Allen,
1991; Dalrymple, Choi, 2007). The middle estuary extends

between of bedload convergence zone and a region located
near the mouth of estuary (Dalrymple, Choi, 2007).

The facies spectrum of the Buséwno IG 1, Niwa 1 and
Swigcica 1 sections, located in the south of the central region
of the Lublin—Podlasie basin (Fig. 2), is dominated by hete-
rolithic facies F/ and fine-grained sandstone facies SFx, SFY,
SFr,SFo. The proportions of mudstone and claystone facies F'
also remarkably increased. Compared with the upper estuary,
the proportion of fine-grained facies in the sections increased
by an average of 40% for sandstone facies (comp. Fig. 17 and
Fig. 37). A particularly remarkable increase by almost 60% is
observed in the proportion of finely laminated sandstone—mud-
stone—claystone heteroliths of facies F/ (comp. Fig. 17 and
Fig. 39).
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No coarse-grained facies are observed in the transgressive
succession of these sections (Figs. 39,41,42). Coarse-grained
sandstones of facies SCx compose two 1 m and 2 m thick beds
only in the Busowno IG 1 section. Towards the southeast,
there is a gradual increase in grain size. The domination of
fine-grained fraction suggests that there was a bedload con-
vergence zone in the south of the central region of the basin,
where the estuary’s finest-grained deposits occurred. In
the Lublin estuary, the probable location of bedload conver-
gence in the central area of the basin ca. 30 km from tidal limit
zone and 60 km from mouth of estuary can suggest the upper
part of the middle estuary.

Compared with the inner estuary, the typical sedimentary
feature of middle estuarine deposits is characterized by con-
siderably increased frequency of direct indicators of tide oc-
currence. In the Lublin estuary, they are observed mainly in
tidal flat and tidal channel deposits. Especially conspicuous is
the increased number of mud drapes. They form a thin layers
(commonly up to 5.0 mm thick and locally discontinuous)
overlying ripple-and cross-bedding foresets in fine-grained
sandstone beds that occur between the packages of sand-
stone-mudstone-claystone heteroliths (Fig. 33A). The fre-
quence and thickness of mud drapes increase towards the
southeast. In the upper estuary (Parczew IG 10, Radzyn 1G 1
and Podedworze 1G 2) they are sporadic. The frequency of
mud drapes for every 1 m of sedimentary logs is 2—4. In
the central part of the estuary (Busowno IG 1, Niwa 1,
Swigcica 1), mud drapes are more frequent: 4-8 mud drapes
occur per 1 m of the sedimentary log. In the southeasternmost
part of the estuary (Biatopole IG 1, Lopiennik IG 1, Horodto 1
and Terebin IG 5), I m of the sedimentary log contains 10-14
mud drapes.

When the river enters the brackish-water area in estuary,
suspended silt and clay sized particles begin to form aggre-
gates called flocs in responce to the electrical reaction be-
tween the ions and a complex of organic molecules in water.
This is a process called flocculation and occurs where salinity
is in the range of 1-10%o. An elevated zone of fluid mud accu-
mulation associated with high flocculation rates is a turbidyty
maximum and is a phenomena that has been recognized in
most modern estuaries as a result of vertical circulation pat-
terns in an estuary due to the landward flow of tidal waters and
the seaward flow of fresh fluvial waters (Ddrjes, Howard,
1975; Ranger, Pemberton, 1992). This zone is characterised
by turbidities and suspended sediment concentrations greater
than that occur upstream towards the fluvial system of the up-
per estuary, or downstream towards the lower estuary. Tur-
bidity maximum zone extends between the tidal limit zone in
the upper estuary and the zone where the salinity is ca. 20%o.
In most estuaries it is the middle part of estuary (Dalrymple,
Choi, 2007). The increase in the number of mud drapes in
the middle estuary is associated with a turbidity maximum
zone. Mud drapes form as a result of deposition and resus-
pension of flocks by tidal currents during a single slack water
period. Changes in suspended-sediment concentration, af-
fecting the frequency of mud drapes, are observed along
the middle estuary. Increased content of suspended sediment

occurs below the zone of elevated suspended-sediment con-
centrations (turbidity maximum), causing development of
relatively thick mud drapes. This is observed in the outermost
sections of the southeastern part of the Lublin estuary: Tere-
bin IG 5 (Fig. 23, interval 3760-3764 m), Lopiennik IG 1
(Fig. 22, interval 54725474 m, 54805481 m) and Biatopole
IG 1 (Fig. 25, interval 2904-2929 m, 2916-2918 m).

The middle estuary (e.g. Dalrymple, Choi, 2007) is an
area of maximum velocity of tidal currents and the occurrence
of upper flow regime structures. The high-velocity tidal cur-
rent zone is situated within the marine-dominated part of estu-
ary, near its mouth. In the Lublin estuary, it can be represented
by sandflats composed of fine-grained sandstone facies SFh
and, rarely, SFI. Upper flow regime sand flat deposits are ob-
served in the Lopiennik IG 1 (Fig. 22) and Terebin IG 5 (Fig.
23) sections. A package representing sandflat deposits in
Terebin IG 5 is 15 m thick. It consists of fine-grained sand-
stone facies SF/ and SFI. The presence of horizontal stratifi-
cation proves both the dominance of bedload transport (Alex-
ander et al., 1991) and high-energy conditions of tidal cur-
rents. Bimodal planar cross-bedding is also observed here. It
is arecord of current reversals herringbone cross-bedding and
a good indicator of tides, especially when supported by other
tidal indicators in the succession (Eriksson ef al., 1981).

The tidal succession of the middle part of the Lublin estu-
ary is dominated by widespread deposits of the intertidal
zone. They account for approximately 70-85% of the entire
transgressive tidal succession interval of each section in this
part of the estuary.

Middle estuary sandflat is the least common association of
the intertidal zone. Most of the packages are commonly thin,
ranging between 0.3 and 4.0 m. There are only two packages
found in Terebin IG 5 and Swigcica 1, which attain thick-
nesses of 15 m and 14 m, respectively. The thickness of
the sandflat packages decreases upwards in the intertidal zone
succession.

The middle part of the intertidal succession, correspond-
ing to the mixed flat, is occupied by a thick complex of char-
acteristic very finely laminated sandstone—mudstone—clay-
stone heteroliths. Planar laminated tidal rhythmites are char-
acterised by alternating bedding consisting of very thin layers
of fine-grained sandstone and mudstone or claystone (Fig.
46A, B). The rhythmites reveal changes in laminae thickness,
reflecting variability in the amount of sand and mud material
transported and deposited by tidal currents. The above varia-
bility is a response to cyclic changes of velocity of tides.
The sandstone and mudstone—claystone laminae form the cou-
plets. Each couplet, 1 to 8 mm thick, is composed of a sand-
stone lamina overlain by a mudstone or claystone one. Thic-
ker sandstone laminae show very small-scale ripple structures
often of opposed climb-directions. They indicate that the de-
position occurred during a few tidal cycles with intervening
short slack-water episodes (Porgbski, 1995). Ripple cross-
-lamination is commonly represented by cosets up to 0.5 cm
thick. Lenticular and flaser lamination is less frequent.

The vertical succession of tidal rhythmites contains tidal
bundles consisting of 10-13 couplets. They are separated
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Fig. 46. Tidal rhythmites from mixed tidal flat of the Lublin estuary, late Ediacaran, Lopiennik Formation

A — planar-laminated tidal rhythmites with neap—spring and subordinate cycles, Podedworze 1G 2 borehole, depth 702.6 m; B — planar-laminated tidal
rhythmites with neap—spring cycles, Lopiennik IG 1 borehole, depth 5474.0 m; C — lenticular-laminated tidal rhythmites with neap—spring cycles. Note multi-
ple lamina character of the neap stage of neap—spring cycles and thin mud drapes on cross lamina foreset (MD). Kaplonosy IG 1 borehole, depth 1392.8 m;
D — ripple-laminated tidal rhythmites with thick neap laminae and mud drapes on cross lamina foreset (MD), Biatopole IG 1 borehole, depth 2905.9 m
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from each other by black mudstone (or claystone beds) 2-3 mm
in thickness. There are also mudstone beds 0.5 cm in thick
composed of a three to five very thin (<0.5 mm) claystone
laminae. A single sequence composed of a tidal bundle and
a mudstone or claystone bed represents a vertical record of
aneap—spring tidal cycle (Fig. 46A, B). Mudstone beds corre-
spond to neap cycles and represent repeated slack-water peri-
ods, when weak tidal currents deposited the mud from sus-
pension (Tessier, Gigot, 1989; Porgbski, 1995; Williams,
1998). During spring cycles, very high-velocity tidal currents
deposited thin sand-mud couplets. The presence of thin mud
layers in spring couplets proves an increased mud content in
the middle estuary, as evidenced by the occurrence of the tur-
bidity maximum. A similar cyclicity is observed in modern
and ancient tidal successions (e.g. Tessier, Gigot, 1989; La-
nier et al., 1993; Martino, Sanderson, 1993; Tessier, 1993;
Tessier et al., 1995; Gradzinski, Doktor, 1996; Williams,
1998; Tape et al.,2003; Weedon, 2003; Eriksson et al., 2006;
Rebata-H et al., 2006; Hovikoski et al., 2008).

Tidal couplets from the inner estuary are characterised by
a different structure. Each couplet consists of fine-grained
sandstone beds of variable grain size: from very fine to
coarser. Mud layers are absent in the couplets, indicating that
the upper part of the inner estuary was characterised by a low
mud content in contrast to the middle estuary. Tidal currents
transported mainly sand material.

Among planar-bedded rhythmites, there are 5-30 cm
thick fine-grained sandstone beds. The sandstone shows fla-
ser (Fig. 32A) or lenticular lamination (Fig. 32E). Wavy lami-
nation is much rarer. A similar ripple lamination succession is
observed in most beds (Fig. 32E). Lenticular lamination pass-
ing upwards into flaser lamination, or ripple cross lamination
overlain by flaser lamination occurs at the base of the succes-
sion. Thin mud drapes are often observed on the ripples
foreset. They are up to 1 mm in thickness (Fig. 33B). Both
these ripple sequences prove an increasing tidal range from
the neap to spring phase, and a considerable increase in tidal
current velocity during spring tides. The presence of both pla-
nar-laminated heteroliths and very frequent structures typical
of lower flow regime indicates low-energy tidal currents
penetrating the gently sloping mixed flat.

A very similar ripple succession is observed in modern
tidal rhythmites of a macro-tidal estuary in the Mont-Saint-
-Michele Bay of Normandy (Larsonneur, 1994; Tesssier et
al., 1995). A sedimentologically related record of neap- to
spring-tide transition can be observed in tidal deposits of
the last Holocene transgression in the Yangtze River estuary
(Hori et al., 2001; Uehara, Saito, 2003).

Significant factor is shape of estuary, which enables depo-
sition of couplets on the mixed flat. Most favourable condi-
tions concentrate in a morphologically restricted area of a fun-
nel-shaped estuary. This specific shape serves to amplify
the rank of tides. The late Ediacaran tidal rhythmites of
the Lublin estuary can be compared to the modern rhythmites
from funnel-shaped estuaries, such as those from the bays of
Mont-Saint-Michele in Normandy (Tessier, Gigot, 1989; Tes-

sier, 1993; Tessier et al., 1995) or Fundy in the eastern coast of
Canada (Dalrymple et al., 1991).

Tidal rhythmites of the Lublin estuary are characterised
by the presence of relatively numerous erosional reactivation
surfaces (Fig. 33C, D). Such surfaces are associated with fre-
quently recurring subordinate currents in the main ebb-flood
tidal cycles. As the tide direction changes, subordinate tidal
currents partly erode the existing tidal bundles succession and
they deposit a new succession upon the created reactivation
surface. The new succession shows a slightly different, low-
-angle inclination. Such a process occurs in case of planar
laminated rhythmites. In ripple laminated tidal rhythmites
(Fig. 46C, D), reactivation surfaces formed as a result of both
partial reworking of mud-draped foreset ripples by subordi-
nate tidal currents and renewed deposition of oppositely
oriented ripples composing of sand laminae.

Tidal rhythmites also occur in the upper parts of intertidal
zone on the mudflat, especially in the lowermost area adjoin-
ing the mixed flat. However, they are much more poorly de-
veloped as compared with their equivalents from the mixed
flat. The Lublin estuary mudflats are best developed in its
southeastern part. The sections of the region reveal a succes-
sion composed of a few packages, each composed of mudflat
and overlying tidal channel deposits (Figs. 22, 25). This fact
suggests the presence of a process of vertical accretion of
mudflats as the relative sea level rose (Borrego ef al., 1995;
Cotter, Driese, 1998; Carr et al., 2003).

The mudflat facies spectrum is dominated by very fine-
-grained facies: mostly claystone and mudstone facies F. They
were deposited from suspension in low-energy environments
on the uppermost tidal flats. Only few fine-grained sandstone
beds may have been deposited during high tide (Alam, 1995).
The similarity among the facies features and lack of landward
salt marshes show that the late Ediacaran mudflats resemble
their recent equivalents from the southwestern coast of Korea
(Frey et al., 1989; Alexander et al., 1991).

In contrast to the tidal flat channels of the upper estuary,
the tidal flat channels from the middle estuary are not evenly
distributed within the tidal flat succession. In all the sections
under study, tidal channels occur either on the sandflats or on
the mudflats. This pattern is particularly well expressed in
the Lopiennik IG 1 (Fig. 22), Biatopole IG 1 (Fig. 25) and
Terebin IG 1 (Fig. 23) sections located near the presumed
mouth of the Lublin estuary.

Middle estuarine channel facies on the mudflat are repre-
sented in the upper part of sections by coarse-grained sand-
stone facies SCp, SCl and SCh. The lack of erosional surfaces
inside the channel fill indicates that in most cases the fill was
represented only by a single sand sheet element. A simple
geometry of the channels’ fill resulted from a rapid lateral
migration of channels. A well-developed erosional surface
lined with rounded mudstone pebbles is observed at the base
of most channels. The pebbles were detached from the mud-
flats that surrounded the channels. A small thickness of
the coarse-grained channel fill suggests small depths of
the tidal channels.
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LOWER ESTUARY

Lower estuary is the outermost zone of the estuarine system
dominated by marine processes, including waves and tidal cur-
rents. The zone is characterised by landward transport of
bedload (Dalrymple et al., 1992; Dalrymple, Choi, 2007).

In the southeast of the basin (Lopiennik IG 1, Terebin
IG 5, Horodlo 1 and Biatopole IG 1), a volcanic series is
immediately overlain by black claystones and mudstones
with rare interbeds of thick laminated sandstone-mudstone
heteroliths. The black claystones contain very abundant Cya-
nophyta of Vendotaenia antiqua forma quarta Gnilovskaya.
The dark colour of the rocks, numerous small pyrite concre-
tions and very abundant Cyanophyta thallus suggest a low
level of oxygenation. The black claystones and mudstones
show the highest values of total organic carbon (TOC) of
0.4-0.7% (Paczes$na et al., 2005) within the estuarine trans-
gressive succession. Enrichment in organic matter is typical
of oxygen-depleted zones, especially in initial phases of ma-
rine transgressions (Herbin et al., 1993; Robison, Engel,
1993). The black claystones and mudstones are directly over-
lain by low-angle cross-bedded fine- and coarse-grained sand-
stones with erosional surfaces at the base. These deposits are
interbedded with mudstone packages.

The above described features of the black claystones and
mudstones that overlie sandstone deposits of high-energy en-
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vironments indicate that they may have been deposited in
a partly or completely protected oxygen-depleted basin of
poor water circulation. This could be a central bay of a wave-
-dominated estuary. The beds of laminated sandstone—mud-
stone heteroliths can represent fragments of a mixed flat that
developed near the central bay. The overlying packages of
black claystones and mudstones, encountered in all the sec-
tions of the southeastern region (Figs. 22-25), can be the re-
licts of wave-dominated estuary that developed during the ini-
tial stages of marine transgression in the southeastern area of
the Lublin—Podlasie basin. It was an ephemeral coastal sys-
tem. No deposits representing a flood delta and a barrier, typi-
cal of wave-dominated estuaries, have been found within
the studied intervals.

The proportion of coarse-grained and fine-grained sand-
stone facies significantly increases upwards in the sections.
The deposits show numerous evident indicators of tidal activi-
ty, including distinct mud drapes overlying cross-bedding
foresets, co-occurring with bimodal cross-bedding (Fig. 29B).
The most common facies in sandstones is SCI. Facies SFr and
SFf are observed rarely. All the sections included a set of
packages of fining-upward sandstones. The lower part of each
package is composed of coarse-grained sandstone facies SCI.
The base is commonly represented by an erosional surface
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Fig. 47. Facies successions (A) amalgamated tidal channel complex and (B) sand bars in the Lublin lower estuary

For explanations of grain size, sedimentary structures and facies code see Fig. 10
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that has up 20-30 cm of relief, lined by mudstone pebbles
(Fig. 29C). Sandstone facies SC/ is overlain by fine-grained
sandstone facies SFr or SFf. In the some packages lower seg-
ment is represented by facies SF/ passing upwards into facies
SFh. The presence of facies SFh and SFI suggests upper flow
regime conditions due to high velocities of tidal currents. Low
energy is suggested by the occurrence of facies SFrand SFfin
the upper parts of the packages.

The presence of tidal indicators, facies architecture and
the overlying sandstone packages indicate that mentioned
series is a complex of amalgamated tidal channels developed
in the subtidal zone. The packages of considerable thickness,
sometimes up to 10 m, probably represent 1st order tidal chan-
nels. A smaller thickness of packages (2—4 m) can suggest
subordinate tidal channels (creeks) (Fig. 47 A, B). In general,
each section reveals an upward decrease in the proportion of
coarse-grained facies. The channels are filled with fine-grain-
ed sandstones suggesting decreasing energy. They fill sub-
tidal channels, which were later converted into channels de-

veloped in the intertidal zone, on the sandflat or mixed flat.
Most of the packages representing subtidal channels are over-
lain by 1-3 m thick dark grey mudstone beds. Their origin can
be interpreted in two ways. Most likely they represent inter-
-channel mud shoals deposited by water overflow from
the channel onto adjacent areas (Martinius et al.,2001). Anot-
her explanation of the origin of the mudstone beds in the upper
parts of the subtidal packages is deposition during decreasing
flow energy in the tidal channel.

The characteristic elements of the subtidal zone are elon-
gated tidal sand bars. They commonly show some features of
oscillatory tidal channels (e.g. Tirsgaard, 1993; Borrego
etal., 1995). The frequency of tidal sand bars in the Lublin es-
tuary sections is very low. The lack of well-expressed tidal
sand bars in the Lublin estuary sections can be explained by
their cannibalization by laterally migrating tidal channels
during a rapid rise of relative sea level (e.g. Johnson, 1977,
Dalrymple et al., 1990).

EDIACARAN-CAMBRIAN DEPOSITIONAL SEQUENCES

Identification of vertical facies associations stacking pat-
terns, representing system tracts, and key bounding surfaces
enabled creating a high-resolution sequence stratigraphic
framework reflecting an evolutionary model of the ancient
Lublin estuary.

Depositional sequence is defined as a stratigraphic unit
composed of relatively conformable succession of geneti-
cally related strata and bounded at its top and base by sub-
acrial major discontinuity surfaces representing angular and
erosional unconformities and their correllative conformities
(e.g. Mitchum et al., 1977; Vail et al., 1984; Posamentier et
al., 1988; van Wagoner et al., 1988; Mitchum, van Wagoner,
1991; Wan Yang, Kominz, 2003). First order discontinuity
surfaces are subaerial erosional unconformities related to the
largest breaks in the facies and stratigraphic spectrum of the
geological succession within the basin. The breaks can com-
prise either part or whole of the geological system, or even
chronostratigraphic units of a higher rank. In the Lublin—Pod-
lasie basin, it commonly refers to the late Middle Cambrian
and Upper Cambrian in all the regions of the basin, and
the early-middle Neoproterozoic in its eastern and southeastern
part (Pacze$na, Poprawa, 2005a, b). They suggest long pe-
riods of subaerial exposure and epigenetic erosion, bound
the Ediacaran—Cambrian sections at the top and base and re-
present the boundaries of 2nd order depositional sequences.

Depositional succession of the Lublin—Podlasie basin
commences with siliciclastic sequence A, discontinuously
overlying the crystalline basement. Its upper boundary coin-
cides with the lower boundary of sequence B in the Edia-
caran—Cambrian succession. The sequences are separated by
a pre-rift angular unconformity (Fig. 6). Sequence B includes
the late Ediacaran through Middle Cambrian deposits repre-
sented by both clastic and volcanigenic rocks. The upper

boundary of sequence B is marked by an erosional uncon-
formity spanning the latest Middle Cambrian through early
Tremadoc (Pacze$na, Poprawa, 2005a, b) (Fig. 4). The basal,
pre-rift unconformity in the Lublin—Podlasie basin might be
well explained by thermal doming predating the extensional
tectonics and volcanism in the region (Fig. 6) (Poprawa,
Paczes$na, 2002). The lowest part of depositional sequence B
is represented by a lowstand systems tract characterised by
a low relative sea level that was controlled mainly by local
tectonics, such as regional thermal doming and rapid accumu-
lation of alluvial siliciclastic and continental volcanigenic
rock, fast enough to compensate the subsidence of exten-
sional grabens. The model of lowstand systems tract is addi-
tionally supported by lack of deposition or erosion in regions
of the Palaeoproterozoic crystalline basement recorded in
the Parczew IG 10 (Fig. 19) and Radzyn 1G 1 (Fig. 17)
(Paczes$na, Poprawa, 2005a, b). Mentioned regions surrounded
the spatially restricted zone of deposition of alluvial and
volcanigenic rocks. The lowstand deposits are dated at the top
at ca. 551+4 Ma (Compston ef al., 1995) (comp. Fig. 6).

Within the late Ediacaran and early Cambrian part of se-
quence B, lower order depositional sequences constitute
the transgressive systems tract [ (comp. Fig. 6) during the fast
relative sea-level rise that gave rise to a marine transgression.
Its onset is coincident with the lower boundary of the Sabelli-
dites-Vendotaenia Zone (Pacze$na, 2008). Because it is im-
possible to define the time interval during which the vol-
canigenic series, underlying the transgressive deposits, were
subjected to erosion, it can be assumed that the beginning of
the transgressive systems tract I was at approximately 551
million years ago.

The Ediacaran—Cambrian succession is terminated by
the highstand systems tract I (comp. Fig. 6). It corresponds to
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a period of relatively intense supply of coarse-grained sand
and gravel to nothern part of the Lublin region (Figs. 17-20)
and decreasing subsidence (Pacze$na, Poprawa, 2005a, b).
The upper boundary of the highstand is defined by an ero-
sional surface transgressively modified by a 3rd order de-
positional sequence boundary. Prior to modification the sur-
face was a lateral equivalent of subaeral erosion, documented
east of the Lublin—Podlasie basin in the Ukraine territory
(Mens, 1987) The upper boundary of the highstand also ap-
proximately coincides with the upper boundary of the Pla-
tysolenites antiquissimus Zone (Paczesna, Poprawa, 2005a,
b). Above, within the upper part of the Cambrian succession,
there is another transgressive systems tract II followed by
a highstand II. However, these are beyond the scope of this
study (comp. Fig. 6).

Nowadays, the commonly accepted rule is that parase-
quences are the basic elements of the sequence stratigraphic
framework. According to the classical definition, parase-

quences are relatively conformable successions of geneti-
cally related beds or bedsets bounded by marine-flooding
surfaces or their correlative surfaces (van Wagoner et al.,
1990).

The extents of the parasequences are limited in occurrence
to the Lublin region of the Lublin—Podlasie basin, due to
the specific marginal type of the estuarine sedimentary envi-
ronment (regionally bounded in the north by geomorpho-
logical barriers), extent of the estuarine basin, and the rift sett-
ing of the late Ediacaran basin.

Parasequences in the estuarine succession have different
expressions in individual parts of the estuary. Therefore,
the lithologic records of their boundaries, indicating a deep-
ening of the environment, differ from area to area within
the estuary (e.g. Holz, 2003). It is due to the very uneven dis-
tribution of tidal flat zones in the Lublin estuary at individual
stages of its evolution, manifested by the succession of para-
sequences.

EVOLUTION OF THE LUBLIN ESTUARY

TRANSGRESSIVE SYSTEMS TRACT I — PROGRESSIVE ESTUARY

The parasequences identified within the late Ediacaran
transgressive succession are bounded by a flooding surface in-
dicating a deepening of the sedimentary environment. The pa-
rasequence boundary of the transgressive phase in the estuary
is marked by an abrupt appearance of a deeper tidal flat facies
associations that overlie a shallower ones (Figs. 17-20, 22-25,
39) (e.g. Rossetti, 1998; Kim et al., 1999).

Five parasequences, signified PS1-PS5 (from the base to
the top: Figs. 17-20, 22-25, 39, 41, 42) have been identified
in the transgressive systems tract I that have been distin-
guished within the sequence B. These parasequences were
identified in the Lopiennik IG 1, Biatopole IG 1, Terebin IG 5,
Busowno IG 1, Kaplonosy IG 1, Radzyn IG 1, Parczew 1G 10,
Niwa 1, Swigcica 1 and Horodlo 1 sections. There is a distinct
regional variability in the facies architecture of the two lower-
most parasequences PS1 and PS2. Both the parasequences
from the sections located in the southeastern part of basin (Lo-
piennik IG 1, Biatopole IG 1, Horodlo 1 and Terebin IG 5),
clearly differ from their counterparts from the other regions of
the estuary. The lower part of each parasequence is composed
of characteristic black claystones and mudstones representing
sedimentation under low-oxygen conditions in a partly re-
stricted basin. It was probably a central bay of wave-domi-
nated estuary. Its facies record in the lowermost part of
the Lublin estuary succession suggests features of a wave-
-dominated estuary during the initial phases of transgression.
The lack of other elements typical of wave-dominated estuar-
ies, such as flood tidal delta or sand barrier (Figs. 23, 24 and
Fig. 48), can be explained by erosional removal during

the subsequent events of relative sea-level rise. The occur-
rence of central bay in the lower estuary, accompanied by
the presence of tidal flat in its upper part, suggest a mixed-ener-
gy wave-and-tide-dominated type of the Lublin estuary dur-
ing the initial phases of its evolution. The black claystone and
mudstone packages are overlain by relatively thin beds of thinly
laminated sandstone-mudstone-claystone heteroliths, repre-
senting mixed tidal flat deposits. The above described succes-
sion of depositional environments is particularly well expressed
in Lopiennik IG 1 (Fig. 22) and Biatopole IG 1 (Fig. 25).

In the central part of the middle estuary, near Buséwno
IG 1, Niwa 1 and Swiecica 1, the lower part of parasequence
PS1 consists of braided-river and anastomosed river deposits,
gradually passing up into estuarine deposits. The estuarine
succession of the Buséwno IG 1 section is represented by
thick (up to 14 m) tidal flat channel fill deposits probably. In
Niwa 1 and Swigcica 1, there is possibly a complete intertidal
succession including sandflat through mixed flat to mudflat
deposits. (Figs. 41, 42). The thickness of parasequence PS1 in
the central estuary varies from 35 m (Niwa 1) to 50 m
(Buséwno IG 1 and Swiecica 1). The Podedwdrze IG 2 drill-
ing was stopped within the upper part of the late Ediacaran
succession, thus parasequence PS1 has not been reached in
this section (Fig. 18).

In the northwestern and northeastern areas of the Lublin
basin, there where the upper estuary developed, parasequence
PS1 attains considerable thicknesses ranging from 35 m in
Kaplonosy IG 1 (Fig. 20) to 24 m in Parczew IG 10 (Fig. 19).
The lower part of parasequence PS1 is composed of a fluvial
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series represented mainly by braided-river deposits. Alluvial
fan deposits compose part of the alluvial succession only in
Parczew 1G 10 (Fig. 10 B). The upper part of parasequence
PS1 is represented by tidal flat deposits (Figs. 17, 19, 20).

The base of parasequence PS1 is an erosional transgressive
surface, which clearly marks the onset of sedimentation and de-
velopment of the Lublin estuary. During the sedimentation of
parasequence PS1, a rapid rise of relative sea level gave in-
crease to the development of estuarine sedimentation in a gra-
dually sinking, broad, very shallow incised valley of a river
running down SE’wards from the Podlasie region. A shallow
fluvial incision in a river valley is observed in the sections situ-
ated in the central part of the middle estuary. The incision is re-
corded there by a well-developed erosional surface in volcanic
rocks underlying the braided river deposits, as evidenced by the
record in the Busowno IG 1 section (Fig. 39).

Another characteristic feature of the deposition of para-
sequence PS1 was development of extensive tidal sandflats in
the upper areas of the estuary (Figs. 17, 19, 20, 48). The develop-
ment of sandflats was associated most likely with increased
supply of clastics to the upper estuary from strongly eroded
source areas situated in the north of the Podlasie basin.
The mixed flats and mudflats were very poorly developed at
that time and account for approximately 10% to 20% of
parasequence PS1. They developed in narrow belts extending
along the outer margins of the valley (Fig. 48). The above pre-
sented scheme of spatial distribution of sedimentary environ-
ments during the initial phases of the Lublin estuary develop-
ment was related to low influence of tides. The incomplete-
ness of the intertidal zone, especially the poor development of
mixed flats with deposition of tidal rhythmites, clearly indi-
cates that the estuary did not exhibit a funnel shape during
the initial phase of its development.

The thickness of next parasequence established in the estu-
ary succession, PS2, varies from 8 min Parczew IG 10 (Fig. 19)
to 14 min Kaplonosy IG 1 (Fig. 20). The parasequence is repre-
sented by either an incomplete tidal flat succession without
mudflat deposits in Parczew IG 10 (Fig. 19) or a complete tidal
flat succession in Kaplonosy IG 1 (Fig. 20). In the central part
of the middle estuary, the thickness of parasequence PS2 is
greater, ranging between 11 m in Niwa 1 (Fig. 41) to 23 m in
Swigcica 1 (Fig. 42). The parasequence is composed of mixed
flat and mudflat deposits. Parasequence PS2 from the lower
estuary shows sandflat, mixed flat and mudflat deposits.
The thickness of parasequence varies from 15 m in Biatopole
IG 1 (Fig. 25) to 6 m in Horodlo 1 (Fig. 24).

During the sedimentation of parasequence PS2 there was
another phase of expansion of the intertidal zone in the estu-
ary due to the next pulse of relative sea-level rise probably of
local tectonic origin (Pacze$na, Poprawa, 2005a, b). The zone
of relatively extensive sandflats moved to the upper parts of
the estuary, whereas in the central and southeastern areas,
mixed flats became dominant with the typical sedimentation
of tidal rhythmites (Fig. 49). The appearance of thicker pack-
ages of tidal rhythmites in the facies spectrum marks the be-
ginning of the funnel-shaped estuary, which determines this
sedimentation type in tide-dominated estuaries (e.g. Lanier

et al., 1993; Carr et al., 2003). The development of specific
hydrodynamic conditions in the estuarine basin was highly in-
fluenced by the presumed presence of two crystalline base-
ment elevations in the upper parts of the estuary. The eleva-
tions were a natural barrier preventing further development of
the estuary into the river valley. Nearby, there was a tidal limit
zone (e.g. Figs. 48-50). Simultaneously, the topographic nar-
rowing of the valley caused increase of the tidal rank in the up-
per part of the Lublin estuary. Mudflats were just a fraction of
the intertidal spectrum of the estuary, like during the sedimen-
tation of parasequence PS1.

The thickness and facies map of parasequence PS1 (Fig.
48) shows a characteristic isochore pattern indicating the pres-
ence of depressions and elevations of the valley floor at that
time. The greatest thicknesses (up to 50 m) are observed near
Busowno IG 1, Swiecica 1 and Niwa 1 sections. The thickness
decreases towards the SE to ca. 4 m near Lopiennik IG 1 and
Biatopole IG 1 (Fig. 48). Further in this direction, it again in-
creases to 17 m. To the NW of the depocentre located in
the centre of the valley, the thickness gradually decreases when
approaching the two crystalline basement elevations (Fig. 19).
The zonal variability of the thickness pattern may have been
caused by tectonic factors. The transgression advanced into the
river valley of locally differentiated syndepositional subsi-
dence, stimulating variability of the accumulation space in
the estuarine basin (Porgbski, 2000; Willis, 2000; Holz, 2003;
Takano, Waseda, 2003; Olivero et al., 2008). It should be
stressed here that the late Ediacaran transgresssion entered
the Lublin basin during the period of fading extensional
activity accompanied by a gradual leveling of the rift topogra-
phy represented by a series of grabens and half-grabens.
The development of a vast, NW—SE-elongated rift valley was
the ultimate effect of the process. Due to the effect of regionally
differentiated subsidence, rivers of different channel patterns
could flow in different sections of the valley at the same time as
aresult of different river’s gradient. In the axial part of the val-
ley, where the gradient is least steep, anastomosed rivers
flowed. Reduction of the fluvial gradient promoted an evolu-
tion in channel styles to anastomosed rivers. In the marginal,
north-western and north—eastern areas of the basin, where
the gradients were steeper, braided rivers flowed.

The NW-SE direction was typical of the late Ediacaran
synrift phase. Tectonic activity during the sedimentation of
parasequences PS1 and PS2 may be suggested by tectonic
dips (20-25°) observed within two depth intervals in tidal flat
deposits of the upper estuary in Kaplonosy IG 1. Although it is
impossible to determine confidently the age of the dips, they
can suggest high probability of tectonic deformation of the de-
posits (Paczesna, 2006).

The thickness and facies map of parasequence PS2 pre-
sents less accentuated different zones of thickness (Fig. 49).
In the areas of Swigcica 1 and Buséwno IG 1 sections, para-
sequence PS2 is relatively thick, attaining 23 m. It proves
the occurrence of a depositional depocentre in this region, like
during the sedimentation of parasequence PS1. The depo-
centre was related to the fading tectonic activity of the graben
extending in the valley basement.
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The next parasequence in the Lublin estuary succession,
PS3, distinguishes among the other late Ediacaran parase-
quences of the lower estuary region by a very large thickness
reaching 106 m (Bialopole IG 1) (Figs. 25, 50). The basal part
of the parasequence in all the lower estuary sections is com-
posed of a complex of amalgamated subtidal channels of con-
siderable thicknesses ranging up to 22 m (Lopiennik IG 1) (Fig.
22). The complex consists of five cycles representing auto-
cyclicity resulting from migration of subtidal channels (Fig.
47). The lower part of each cycle is composed of fine-grained
sandstones showing low-angle cross-bedding and ripple cross
lamination. These are subtidal channel deposits. The upper part
of the succession consists of mudstones representing inter-
-channel mud shoal deposits. The subtidal channel complex of
parasequence PS3 is overlain by an intertidal zone package
with distinctive intervals of thick mixed flat deposits. They are
represented by typical tidal rhythmites, characteristic of fun-
nel-shaped estuaries. The package of tidal rhythmites attains
a thickness of 65 m in the Lopiennik section (Fig. 22).

In the central part of the middle estuary, parasequence PS3
is much thinner (between 11 m in Busowno IG 1 (Fig. 39) and
34 m in Swigcica 1 (Fig. 42). The environmental architecture
of parasequence PS3 is simple in this part of the Lublin estu-
ary. Parasequence PS3 is represented by a single package of
incompletely developed tidal flat, without the lowermost,
sandflat part (Figs. 39, 41, 42).

In the upper estuary, parasequence PS3 is thin. Its thickness
ranges from 7 m in Parczew IG 10 to 10 m in Kaplonosy IG 1.
Both in the central region of the middle estuary and in the upper
estuary, the packages of mixed flat heterolithic deposits are fea-
tured by an increased number of thin fine-grained sandstone
layers, as compared with the southeastern region of the lower
estuary. This phenomenon is associated probably with a longer
distance of the lower estuary area from source areas of clastics,
situated in the Podlasie sector of the sedimentary basin.

During the deposition of parasequence PS3, when the re-
lative sea-level rose and the transgression advanced into
the river valley, the development of mixed tidal flats became
more intense (Fig. 50). At the same time, the estuary fully ac-
quired its funnel-shaped geometry. The tidal flat parase-
quences of the late Ediacaran estuary are of progradational
type, as evidenced by the presence of shallower environments
of finer-grained sub-associations of the intertidal zone, which
appear upwards in the succession (Fig. 51). It means that the
uppermost part of the parasequence is composed of mudflat
deposits representing the shallowest environment of the inter-
tidal sequence. These are transgressive tidal flats observed in
both modern and ancient settings with large supply of detrital
material (e.g. Dalrymple et al, 1990; Kim et al., 1999;
Mangano, Buatois, 1999). The occurrence of the progradatio-
nal tidal flat sequence means that it expanded towards the es-
tuary mouth while the transgression advanced.

Tidal flats, prograding simultaneously with developing
transgression, occur in estuaries fed by large amounts of
clastic material supplied from the land due to fluvial transport
to the upper estuary and through transport by tidal currents
(Klein, 1985). Since the mixed tidal flats evolved within

the fully developed tidal-dominated estuary, the tidal currents
were the main factor transporting clastic material up the estuary
from the marine basin.

The above discussed processes resulted in the expansion of
mixed tidal flats towards the mouth of the Lublin estuary (Fig.
50). These processes were especially intense in the upper estu-
ary. The expansion of mixed tidal flats in both protected and
open coasts is associated with increasing subsidence in the ba-
sin (e.g. Holz, 2003; Takano, Waseda, 2003). The Lublin estu-
ary sedimentation was controlled by fading tectonic processes
in the late stages of synrift phase. Increased subsidence took
place in depocentres situated in the valley basement in the rift
graben and half-graben zones (Paczesna, 2006).

In the estuary mouth, near Lopiennik IG 1, Bialopole IG 1,
Horodlo 1 and Terebin IG 5 sections, a wide zone of subtidal
channels developed at the same time, as evidenced by the pre-
sence of a thick complex of Ist order amalgamated subtidal
channels. The complex is the record of migration of channels
on the subtidal zone. During the transgression, the lowermost
part of the complex with a distinct basal erosional surface is re-
cord of a tidal ravinement surface (Allen, Posamentier, 1994),
indicating a macrotidal character of the Lublin estuary (e.g.
Dalrymple, Zatlin, 1994; Kitazawa, 2007) during the sedimen-
tation of parasequence PS3 (Fig. 52). The surface is especially
well pronounced in the lower estuary sections. Because the es-
tuary evolved during the transgression, the upper part of the in-
tertidal zone (including the mudflat) was removed by erosion
of tidal channels during the successive events of relative sea-
-level rise. The process is manifested by the presence of the tidal
ravinement surface. This phenomenon can partly explain
the lack of supratidal zone within the late Ediacaran succession.

The thickness and facies map of parasequence PS3 shows
a gradual increase in the parasequence thickness towards
the estuary mouth. This is a distinct record of a tidal prism de-
veloping towards the southeast: from the central part of
the middle estuary towards its mouth (Fig. 50). This trend sug-
gests that ebb currents were the major factor that contributed to
its formation (e.g. Rossetti, 1998). The occurrence of tidal
prism is indicative of the complete development of tide-domi-
nated estuary during the sedimentation of parasequence PS3.

Lack of thickness zonation which is characteristic of
the underlying parasequences of PS1 and PS2 proves a dying
influence of the basement on the valley fill. The small thick-
ness of parasequence PS3 in the upper estuary zone (Fig. 53)
is associated with a considerable decrease in the accommoda-
tion space near the crystalline basement elevations (Fig. 50).

The next parasequence, PS4, in the lower estuary succes-
sion is characterised by variable thicknesses ranging from 8 m
in Biatopole IG 1 (Fig. 25) to 31 m in Horodlo 1 (Fig. 24). It
consists of packages representing the completely developed
tidal flat. The upper estuary is featured by the occurrence of
a parasequence of incomplete architecture. No mudflat de-
posits are observed in most of the sections located there.
The only section with a completely developed succession of
tidal flat environments is Kaplonosy IG 1 and Parczew IG 10.
In Kaplonosy IG 1 section, parasequence PS4 attains the great-
est thickness of 27 m (Fig. 20).



76 Evolution of the Lublin estuary

22° 23° 24°

uszyniany
vanki Rohozy 3 )

© " oWaski IG 2/
Podbrowisko IG 1o h
o Grodzisko IG 50 :

Skupowo IG 6

Kruszyniany |G 1-4

o .
Krzyze IG 4 7

BELARUS

Zembry 1

52°1-

LUBLIN

51°

0 10 25 50 km

uszyniany |G 5 &oKrynki'IG1 ]
y ?éosg fy

52°

51°

22° 23° 24°

53

Fig. 50. Combined facies map and isochore map of PS3 parasequence, showing distribution of sedimentary environments
in the climax stage of development of the Lublin estuary
For explanations see Fig. 48



77

Transgressive systems tract I — progressive estuary

A1ddns [eridjewr paseaIdul pue ISLI [9AJ[-€IS JANB[I.I
SuLInp SUONBIIOSSE SIDEBJ PN pue PIXIW ‘pues Jo uoissdaddns premdn-guruy ‘Surpeagoad ay) Surmoys ‘Jefj [epn AIen)sd uIiqn- Ayj SSO.IIE UOIIIIS-SSO.II INBUWAYIS IS "SI

80BJINS JUBWBUIAR [epI]

L — au0Z [epnans

el [epy pueg  ~— g o
NP S=
N Quatﬁmu Sm
&
25 |=x
-2 |2
L
=
S o
X ®
3 Q
=.
Alenyse Jadd » Alen)sa Jo yino 8
n uonepeiboig » 1S9 JO YINO ®
=z
c
=
(]
P 3
- uolssaibsuel |

MN 3s



Evolution of the Lublin estuary

78

9JeJINS SUIPOO[J WNWIXEW WN)E(

*UdqeIS3 JJLI Y} UI IUIPISYNS JO IseIdUI Aq pasned ¢SJ dduanbasered Jo ssoudIY) IGae] B 9JON "AIBN)SI IIMO] PUE J[PPIW ) SUO[E UOI)IIS-SSO.ID SANE 7S "SI

b ISd
= /@/7¢/AA
%,mo%o - c%.au
ENE ad ey
64 154 e s
3 g
& g |2
um%:mw m.# m
g |3
54 2| |5
3 g
|_
ad
7d
SN
8d
53
SN | & 5
95d 233 |9
z 8sd |S3|0 (3
= | isd 854 F NERE
332 |3
Aydeibnens|  8Sd 8Sd & 585>
souanbag W F F W W ] E
Kydeibnens
| OfpoIoH | O 8jodoelg | BMIN | O] oumgsng
fienisa Jomoq Aiemsa s|ppIy
Kienyse anissalfold »Ule(d [e1AN|je Jo Buipooy) » MN
JS« f1enisa Jo uononLsap « fsenise anissalfoy



Transgressive systems tract I — progressive estuary

79

Explanations for figures 52 and 53
SEDIMENTARY ENVIRONMENTS

central bay

complex of amalgamated subtidal channels
tidal flat channel

sand tidal flat

mixed tidal flat

mud tidal flat

alluvial deposits

proximal upper shoreface

lower shoreface

inter-channel mud shoal

volcanigenic rocks

BENURCOORUONE

crystalline basement

T~a presumably faults

Parczew IG 10

I borehole

Another tectonically controlled stage of relative sea-level
rise initiated a retreat of mixed flats of the lower, middle and
upper estuary. The characteristic feature of the estuary evolu-
tion is also an asymmetric development of sandflats observed
only in the western part of the estuary, along the line of
the Podedworze IG 2 — Busowno IG 1 — Swiecica 1 —
Lopiennik IG 1 wells (Fig. 54). A significant role in the envi-
ronmental spectrum of the intertidal zone was played at that
time by tidal channels developed on the sandflat and mixed
flat (Fig. 54). During the sedimentation of parasequence PS4,
mudflats started to develop and culminated during the deposi-
tion of the next parasequence PS5.

Parasequence PS5 terminates the transgressive late Edia-
caran succession. It is characterised by a highly increased pro-
portion of mudflat packages in the southeastern sections.
The greatest thickness (20 m) is observed in the Horodlo 1 sec-
tion (Fig. 24). Alternating packages of tidal flat channels and
mudflat mudstones occur in Lopiennik IG 1 (Fig. 22). In the
central region of the middle estuary, the environmental archi-
tecture of parasequence PS5 was dominated by mudflat and
tidal channel deposits observed in the uppermost part of the
tidal flat (Fig. 39, 41, 42). In the NE and NW part of the Lublin
estuary, parasequence PS5 is characterised by a very small pro-
portion of mixed flat deposits that are observed only in Parczew
IG 10 and Radzyn IG 1 as 2 to 4 m thick packages (Figs. 19, 17).

SEQUENCE STRATIGRAPHY

LST  lowstand systems tract

TST transgressive systems tract
HST highstand systems tract

E maximum flooding surface
PS1  parasequence

PB parasequence boundary

TSE transgressive surface of erosion
IRS tidal ravinement surface

SRS shoreface ravinement surface

The upper boundary of parasequence PS5 represents
the maximum flooding surface I (comp. Fig. 6) in all the sec-
tions. In the Lublin estuary, the surface is marked by the maxi-
mum extent towards inland of the mudflat deposits, recorded
in gamma logs at the depth of peak gamma ray values corre-
sponding to tidal flat mud-clay deposits (Figs. 17-20, 22-25,
39, 41, 42).

The retreat of mixed flats intensified during the sedimen-
tation of parasequence PS5 after a period of sandflat and
mixed flat predominance in the Lublin estuary. Mixed flat de-
posits were encountered only in the sections located along
the line of Podedworze 1G 2, Kaplonosy IG 1, Niwa 1 and
Biatopole IG 1 (Fig. 55). The parasequence PS5 is character-
ised by the development of the shallowest tidal flat zone rep-
resented by mudflat deposits. It was part of the intertidal zone
with a well-developed tidal channel network. The intense de-
velopment of mudflats during the deposition of parasequence
PS5 was associated with the maximum landward extent of
the estuary. In that case, it was manifested by a total drowning

of the river valley and development of the maximum flooding
surface (e.g. Cotter, Driese, 1998; Hou e al., 2003). The occur-
rence of maximum flooding surface coincides with the great-
est extent of mudflats in the estuary basin. The progress of
the shallowest tidal flat environment is correlated with the end
of the transgressive phase of the Lublin estuary.
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THE HIGHSTAND SYSTEMS TRACT I
— REGRESSIVE ESTUARY

In the regressive phase of the estuary evolution, flooding
surfaces are defined by the occurrence of nearshore and oft-
shore environments above tidal flat environments in the lower
part of the regressive succession. Upper in the succession,
the parasequence boundaries are defined by the occurrence of
deeper shoreface and offshore facies associations above their
shallower equivalents (Figs. 17-20, 22-25, 39).

After the phase of maximum development, a gradual re-
building of the facies pattern began in the Lublin estuary ba-
sin. It is recorded in the four successive parasequences from
PS6 to PS9, occurring in the sections above the maximum
flooding surface (Figs. 17-20, 22-25, 39, 41, 42). Parase-
quence PS6 is featured by both a regionally variable thickness
and a diverse facies architecture. The greatest thickness of
parasequence PS6 is observed in the upper estuary of the Par-
czew 1G 10 section— 79 m (Fig. 19) and in the northern part of
central estuary of Busowno IG 1 — 40 m (Fig. 39). Towards
the southeast, its thickness gradually decreases from 28 m in
Lopiennik IG 1 to 5 m in Horodlo 1 (Fig. 56).

In the upper estuary of the Radzyn IG 1 and Parczew IG 10
sections, there is a characteristic series of respectively 4 and 5
sandstone packages in the basal part of parasequence PS6
(Fig. 21). Their lower parts are composed of fine-grained
sandstones, whereas the upper parts are represented by either
coarse-grained sandstones or conglomerates. Fine-grained
sandstones of each package contain low-angle planar cross-
-bedding or ripple laminations (Fig. 21). The coarse-grained
sandstones and conglomerates show low-angle planar cross-
-bedding. High-angle cross-bedding is much rarer. Immedi-
ately above the maximum flooding surface in Podedworze
IG 2, there is a very coarse-grained sandstone layer with
low-angle planar cross-bedding, 9 m in thickness. It is directly
overlain by a 4 m thick layer of conglomerates. The conglom-
erate shows very low-angle planar cross-bedding (5-10°).
Both the sandstones and conglomerates contain the quartz
grains only. This feature proves a very high degree of maturity
due to intense reworking of material during transportation.
Each mentioned package represents coarsening-upward cycle
(Fig. 21). These probably fluvial-sourced deposits formed
a prograding bay-head delta of the estuary. The thickness and
facies map constructed of parasequence PS6 clearly shows
a relatively thick delta in the uppermost part of the estuary.
The deposits reveal a distinct trend of decreasing thickness
towards the southeast (Fig. 56). This also means that the tidal
deposition, so characteristic of the transgressive stage, re-
treated from the upper estuary. Ripple cross-lamination ob-
served in fine-grained sandstones of the lower parts of
the cycles can be the record of tidal currents. No finely lami-
nated sandstone-mudstone-claystone heteroliths, typical of
the transgressive stage in the estuary, have been observed in
any of the cycles. However, they occur in the lower part of
parasequence PS6 in the north of the middle estuary in
the Busowno IG 1 section (Fig. 39).

A number of facts support the interpretation that the lo-
wermost part of the regressive estuary succession represents
abay-head delta. These are the overall trend of landward in-
creasing grain size and the gradual basinward increase of
the thickness. The presence of bay-head delta is also sup-
ported both by proximity to land source areas located in the
Podlasie part of the basin and by generally very high matu-
rity of sandstone material, which indicates intense rework-
ing of clastic material during fluvial transport. Another im-
portant criterion for the occurrence of bay-head delta depo-
sits in the upper estuary is the presence of an erosional sur-
face developed at the base of a coarse-grained sandstone
layer in the lower part of parasequence PS6 (Figs. 18,
19-21). This is most likely an erosional surface termed
a bay-head diastem (e.g. Zaitlin et al., 1994; Nichol et al.
1994; Roy, 1994). This surface is a record of lateral migra-
tion of a river bed in the uppermost part of the bay-head
delta. The bay-head diastem migrated basinwards along
with the bay-head delta prograding in the same direction.
The seaward trend of bay-head diastem migration is well ob-
servable in the Podedworze 1G 2, Parczew IG 10, and
Kaplonosy IG 1 sections (Figs. 18-20). In Parczew 1G 10,
located in the north-westernmost area, the bay-head diastem
occurs in the latemost Ediacaran just above the maximum
flooding surface (Fig. 19). Relatively late, in the lowermost
Lower Cambrian Platysolenites antiquissimus Zone, the bay-
-head diastem occurs in the Kaplonosy IG 1 (Fig. 20) and
Podedworze I1G 2 sections (Fig. 18), located in the southeastern
ends of the upper estuary.

In most of mixed-energy tide- and wave-dominated
estuaries, during the initial stage of their regression, deltaic
sedimentation in the upper estuary is accompanied by tidal
settings in their middle and lower parts (e.g. Dalrymple et al.,
1992; Holz, 2003). A similar distribution pattern of sedimen-
tary environments in the Lublin estuary is indicated by facies
architecture variability in the basal parts of parasequence
PS6. A lateral equivalent of bay-head delta deposits in the up-
per estuary sections are tidal flat deposits observed in the nor-
thern part of the middle estuary in the Buséwno IG 1 (Fig. 39)
and, probably, in Niwa 1 and Swigcica 1 sections. Due to
a very small amount of core material within the interval corre-
sponding to parasequence PS6, the presence of tidal deposits
in Niwa 1 (Fig. 41) and Swigcica 1 (Fig. 42) cannot be con-
firmed. Similar relations of simultaneous occurrence of del-
taic deposits in the upper estuary and tidal deposits in its lower
parts are observed during the initial phases of highstand periods
in modern estuaries. A good example is the mixed tide-wave
dominated Gironde estuary in southwestern France (Allen,
Posamentier, 1994) and the Pleistocene and Holocene estua-
ries on the eastern shore of Nova Scotia in Australia (Nichol et
al., 1994). Studies of ancient estuaries also proved co-occur-
rence of delta and tidal settings in the initial phases of their re-
gression (e.g. Dalrymple ef al., 1992; Holz, 2003; Kitazawa,
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2007). Large thicknesses of deltaic deposits in the upper estu-
ary during sedimentation of parasequence PS6 are related to
the occurrence of the small Radzyn—Parczew sedimentary
depocentre in this region. The depocentre was associated with
the final stage of synrift phase (Fig. 56), being a record of in-
creased subsidence rates in a declining rift graben (Paczesna,
2006). The maximum thickness of the depocentre fill was
79 m. It corresponds to the thickness of deltaic deposits ob-
served in the Parczew IG 10 section (Fig. 19). This fact proves
that the increased subsidence favoured the thick delta prism
development in the upper estuary (Fig. 56).

In the central and mouth parts of the estuary, parasequence
PS6 has a different facies architecture. The mouth area is
characterised by the well developed mixed flat that is com-
posed of finely laminated sandstone-mudstone-claystone he-
teroliths highly resembling the late Ediacaran tidal rhythmites
of parasequences PS3, PS4 and PS5. The heteroliths occur in
the lower parts of parasequence PS6 in Buséwno 1G 1 (Fig.
39), Lopiennik IG 1 (Fig. 22) and Horodto 1 (Fig. 24). In
the Terebin IG 5 section, the basal part of parasequence PS6 is
composed of mudflat deposits (Fig. 23). It indicates strong ef-
fects of tides.The mudflat series is overlain by upper sho-
reface deposits with a well-developed erosional surface at
the base of the fine-grained sandstone bed (Figs. 22,23, 25, 39).
Immediately above the erosional surface or within the over-
lying layer, there are abundant mudstone and claystone clasts.
The occurrence of the erosional surface at the contact between
estuarine and open-marine basin deposits indicates that this is
an erosional shoreface ravinement surface. This erosional
surface is typical of wave-dominated estuaries with a well-de-
veloped shoreface near the estuary mouth (e.g. Nichol et al.,
1994). The shoreface ravinement surface represents the initial
position of the shoreline at the onset of the estuary regression.
Subsequent episodes of increased supply of clastic material to
the estuarine basin caused a shoreline progradation. In Lo-
piennik IG 1, two shoreface ravinement surfaces occur in two
successive parasequences at the base of thick sand ridges (Fig.
22). The shoreline progradation resulted in the development
of a broad sand-ridge plain with shoals between sand ridges,
where mud deposition took place.

The shoreface ravinement surface in parasequence PS6 is
a precursor of total restructuring of the facies pattern in
the Lublin estuary that was gradually transformed into a shal-
low, open-marine coast. When shoreface deposition started,
the basinward progradation of the estuary began. The estua-
rine basin was already partly filled in its upper part with de-
posits of the basinward prograding bay-head delta (Fig. 56).
Simultaneously, destruction of the estuary was enhanced in
its mouth area by the development and progradation of sand
ridges in the shoreface representing the so-called prograding
shoreface (Fig. 56).

During deposition of parasequence PS6, a highstand stage
began. The amount of detrital material supplied to the basin
exceeded its accommodation space due to deceleration of
post-rift regional subsidence rate, which resulted from a de-
cline of active rift grabens and half-grabens (Paczesna, Po-
prawa, 2005a, b; Paczesna, 2006).

The boundaries of the next parasequences (PS7, PS8 and
PS9) were determined in the borehole sections on the basis of
variability in the ichnological and sedimentological records
suggesting a deepening of the marine basin on a regional
scale. It is manifested by the appearance of both more deep-
-marine ichnologic-sedimentary associations above shallow-
-marine trace fossil assemblages and related sedimentary
structures (Pacze$na, 2001). In contrast to the late Ediacaran
tidal equivalents, they represent parasequences indicating an
upward increase in grain size, thus corresponding to the clas-
sical definition of parasequence (e.g. van Wagoner et al.,
1990; Emery, Myers, 1996; Porgbski, 1996; Coe et al., 2003;
Pienkowski, 2004).

Compared with the underlying parasequence PS6, parase-
quence PS7 has relatively unified facies architecture through-
out the whole Lublin basin. In the upper estuary, it is com-
posed of upper shoreface and lower shoreface deposits (Figs.
17-20). In the northern part of middle estuary, the interval
corresponding to parasequence PS7 was either very poorly
cored (Busowno IG 1) or completely coreless (Niwa 1 and
Swigcica 1). the lithology of uncored intervals was recon-
structed in these sections from the analysis of wireline logs,
predominantly gamma ray. They show that the interval cover-
ing parasequence PS7 is represented by alternating thick
mudstone and thin sandstone packages in the Busowno 1G 1
(Fig. 39) and Swiecica 1 (Fig. 42) boreholes. The gamma ray
log in the Niwa | section shows a blocky shape with a distinct
progradational trend in the lower and uppermost parts of
parasequence PS7 (Fig. 41). Direct interpretation of the de-
positional environment is impossible in these intervals of
the succession due to the lack of cores. The lithology and
lithologic succession can be ambiguously interpreted from
the wireline logs. They roughly suggest the presence of upper
shoreface, and mud flat deposits (?) in Buséwno IG 1 (Fig. 39),
upper shoreface deposits in Niwa 1 (Fig. 41) and alternating
upper shoreface and lower shoreface deposits in Swiecica 1
(Fig. 42). However, univocal identification of the nearshore
environmental zones is impossible using only the analysis of
wireline logs.

Parasequence PS7 reveals a facies record of the final
evolutionary stage of the Lublin estuary. It is present only in
the southeastern region where thin packages of mudflat de-
posits are observed in the upper part of parasequence PS7 in
the Lopiennik IG 1 section (Fig. 22) and in the central part of
the basin in Buséwno IG 1 section (Fig. 39). At the end of
deposition of parasequence PS7, the Lublin estuary basin
was completely filled. It is proved by a uniform sedimen-
tary record of a shallow, open-marine basin in the all studied
sections.

The next parasequence, PS8, shows a very remarkable
trend of upward-shallowing sedimentary environments, ac-
companied by a grain size increasing. In well cored Biatopole
IG 1 section, parasequence PS8 is composed of a 15 m thick
mudstone packages interbedded with thin fine-grained sand-
stone layers deposited in the upper offshore and lower shore-
face. In the sections where parasequence PS8 is poorly cored
Horodto 1 (Fig. 24), Terebin IG 5 (Fig. 23) and Lopiennik
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IG 1 sections (Fig. 22) in the southeastern area of the basin,
the interpretation of sedimentary environments was made by
a correlation with the marker section of Biatopole IG 1.
A transition from upper offshore to lower shoreface deposits
is commonly observed in most of these sections.

The extent of parasequence PS9 reaches beyond the geo-
logic time interval discussed in this report, stretching out into
the Lower Cambrian Schmidtiellus mickwitzi Zone. In most of
the sections, this interval is represented by upper offshore de-
posits. Another environmental architecture of parasequence
PS9 is observed only in the Buséwno IG 1 section where
lower shoreface is present (Fig. 39). No set of typical indica-
tors of oscillatory tidal currents, such as reactivation surfaces,
mud drapes, bimodal cross-bedding and cyclic tidal rhythmi-
tes, have been found in any of the analysed sections. Howe-
ver, arecord of wave action is commonly observed in the sec-
tions, including signs of storm activity.

The relatively uniform facies architecture of parasequen-
ces PS7 and PS8 indicates an initial aggradation of the Lublin
basin shoreline. The succeeding parasequences, PS8—PS9,
show a general trend of shallowing sedimentary environ-
ments towards their tops, accompanied by an increase in the
content of coarse-grained deposits. The above features prove
aprogradational character of these parasequences. It supports
the assumption that the interval of parasequences PS7-PS9
can be interpreted as a highstand. It developed as a result of lo-
cal increase in clastic material supply to the basin without
support of both tectonic and eustatic factors. The amount of
material supplied to the basin was greater than the increase in
its accommodation space due to deceleration of post-rift re-
gional subsidence, associated with the termination of tectonic
activity of rift grabens and half-grabens. The relative sea-
-level rise became much slower at that time (Pacze$na, Po-
prawa, 2005a, b; Paczesna, 2006).

CONCLUSIONS

1. After the cessation of volcanic rift processes, sedimen-
tary depocentres developed in the northern and central parts
of the Lublin—Podlasie basin. They were being filled with al-
luvial clastics. At the same time, a relatively small initial
depocentre of Bialopole—Terebin developed in the southeast-
ern part of the basin. Subsequently, a more extensive depo-
centre of Kaplonosy—Terebin formed towards the north—west.
Due to both a gradual relative sea-level rise stimulated by tec-
tonic factors and resulting marine transgression, the depo-
centre became successively filled with deposits of two-fold
origin. Continental fluvial material was supplied to the basin
from the north. In the south, material transported by sea cur-
rents predominated.

2. The late Ediacaran Lublin—Podlasie sedimentary basin
was subdivided into four facies regions, which differ between
one another in the proportions between coarse-grained (coarse-
-grained sandstones, gravelstones, and conglomerates) and
fine-grained lithofacies (represented by claystones, mudsto-
nes and fine-grained sandstones). The northeastern and east-
ern part of the Podlasie Depression and the northern areas of
the Lublin slope of the East European Craton were character-
ised by sedimentation of continental siliciclastics, which last-
ed in the area until the end of Ediacaran and continued as late
as earliest Cambrian times. The central region spans the nor-
thern part of the Lublin slope of the East European Craton.
The post-volcanic Ediacaran silicislastic section consists of
two sedimentary stages here. The lower one is represented by
sedimentation of coarse- to fine-clastic continental deposits.
The upper stage is characterised by the occurrence of tidal de-
position. The central region covers the southeastern part of
the Lublin—Podlasie basin. The late Ediacaran and earliest
Lower Cambrian siliciclastic succession in this area is wholly
represented by tidal deposits.

3. Identification of facies associations and their succes-
sion in the sections located in the above mentioned facies re-

gions enabled defining alluvial, estuarine and open coast
depositional systems.

4. The alluvial system developed during the late stages of
synrift phase in successively developing sedimentary de-
pocentres.

5. The two-member alluvial depositional system occurs in
the lower part of the sections immediately above either the vol-
canigenic rocks or the crystalline basement. Its lower member
is composed of poorly rounded and sorted very coarse-grain-
ed alluvial fan sediments. They were a depositional element
of transversal drainage paths of rift valleys. Its deposition in
the northeastern area of the basin was associated with syn-
sedimentary fault activity in the Iwanki Rohozy—Krzyze sedi-
mentary depocentre. Another region of alluvial fan deposition
was the area situated immediately close to the slopes of
the crystalline basement near Parczew IG 10.

6. Braided river deposits constituted the upper member of
the alluvial depositional system in the marginal, western and
northern regions of the basin. These were the areas of fluvial
deposition in distal parts of alluvial fans. Large braided rivers
flowing down transverse to the axis of the sedimentary basin.

7. Braided channels bear features of typical distal to mid-
dle reaches sand-bed braided channels. The distinct predomi-
nance of very coarse-grained sandstone facies confirms braid-
ed, sand-bed nature of the rivers. Another important indicator
of its braided character is the common presence of an index
sedimentary structure low-angle planar cross bedding charac-
teristic of transverse bars. The presence of massive, coarse-
-grained sandstone facies representing supercritical flow con-
ditions suggests deposition in high-energy, shallow braided
channels with strong aggradation of sediments.

8. The group of coarsest-grained sandstone and conglom-
erate sections located near the source areas includes Krzyze
IG 4, Kaplonosy IG 1 oraz Parczew IG 10 sections. Detrital
material was supplied to the drainage area of alluvial fans and
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braided rivers flowing in this region from strongly weathering
the Palaeoproterozoic and Mesoproterozoic magmatic and
metamorphic rocks of elevated areas. These were the Mazu-
ry—Belarus Elevation for the Krzyze IG 4 and the Parczew
Elevation for the Parczew 1G 10 section. The presence of
coarse-grained fraction in the fluvial section of Kaplonosy
IG 1 supports the suggestion of the occurrence of a crystalline
basement elevation in the immediate neighbourhood of the sec-
tion, called herein the Kaplonosy Elevation. More distal
braided channels are observed in Buséwno IG 1.

9. Levelling of the rift basin topography and increase in re-
gional subsidence rate of the depocentres in the southeastern
area at the end of the alluvial basin evolution resulted in the
development of axial drainage of the anastomosed system
rivers. Therivers flowed down along the basin axis from north
to south.

10. The presence of anastomosed river deposits is docu-
mented in the Niwa 1, Swiecica 1, Radzyn IG 1 and Mielnik
IG 1 sections. They are featured by the distinct predominance
of fine-grained sandstone channel facies. Another feature is
presence of single-storey channels and excellently developed
floodplains. Floodplain deposits of the anastomosed system
are characterised by a large thickness as compared with
a small thickness of channel deposits. Vertical sediment ac-
cretion is a depositional process typical of anastomosed chan-
nels. It is evidenced by a very high frequency of massive and
low-angle planar cross-bedded sandstone facies. Vertical ac-
cretion is also suggested by the lack of fining upwards in grain
size within the channel deposits.

11. Changes in the hydrological regime of braided rivers
from ephemeral to perennial, development of floodplains of
anastomosed river with well-developed crevasse splay depo-
sition and the change in colour of the accumulated deposits
probably represent a record of late Ediacaran climatic chan-
ges in Baltica from dry and arid to more humid and moderate
conditions. Climatic changes were probably the result of
the Baltica drift about 560-545 Ma from moderate southern
latitudes to palacoequator zone. Climate humidity increased
as the late Ediacaran transgression advanced onto Baltica.

12. At the decline of Ediacaran the marine transgression
progressed in the southeastern and central area of the basin. In
the northeast, continental sedimentary conditions persisted
until earliest Lower Cambrian times.

13. Remarkable variability in the facies spectrum above
the late Ediacaran alluvial siliciclastic succession, suggest-
ing a three-zone lateral distribution of facies associations, is
one of the main arguments for its estuarine origin. In the nor-
thern part of the basin (Radzyn IG 1, Parczew IG 10 and
Kaplonosy IG 1), there is a several-metres thick series di-
rectly overlying the alluvial succession. The succession of
facies associations indicates transition zone, where tidal and
river processes interact. The frequency of tidal indicators in
very thin packages of mixed tidal flat deposits is very low.
They are represented by mud drapes and cyclic tidal rhy-
thmites of limited extent, suggesting the presence of tidal
bundles. There was probably a braided tidal-channel net-
work in this zone. It reflected the braided nature of the river

system supplying clastic material to the northern areas of the
basin, proving that the zone was still under strong influence
of fluvial conditions and much more poorly marked tides in
the upper, inner estuary.

14. The region of the Buséwno IG 1, Niwa 1 and Swigcica 1
sections, situated in the central part of the Lublin basin, is
characterized by the dominance of finest-grained sediments.
This fact is very likely to suggest that the bedload conver-
gence zone was located in this part of the basin. Another spe-
cific feature is a south-easterly directed considerable increase
in the frequency of tidal indicators, in particular mud drapes
occurring in estuaries below the elevation of turbidity maxi-
mum zone. The predominance of mixed tidal flat deposits
with tidal rhythmites suggests its complete development.
Thick sandflat packages showing a sedimentary record of up-
per flow regime conditions are observed in the southeastern
part of the basin near the estuary mouth (recorded in Lo-
piennik IG 1, Terebin IG 5, Horodto 1 and Biatopole IG 1). It
indicates an area of the highest power of the tidal currents,
probably indicating location of the maximum tidal range zone
in the basin. The presence of the three specific zones: bedload
convergence, turbidity maximum and maximum tidal range
supports the presumption that the area extending between
the lines of Busowno IG 1-Niwa 1-Swiecica 1 and Lopiennik
IG 1 —Terebin IG 5 — Horodlo 1 — Biatopole IG 1 represented
the middle estuary zone.

15. Depositional elements of the subtidal zone are ob-
served in the southeastern part of the basin. These are repre-
sented by well-developed complex of amalgamated subtidal
channels and very poorly developed tidal sand bars (?) with
a record of bimodal cross-bedding. They prove the presence
ofthe lower estuary zone which developed within the range of
strong marine influences.

16. The late Ediacaran siliciclastic succession of the Lub-
lin basin represents a transgressive stage of the Lublin estuary
evolution. It includes five successive episodes of relative
sea-level rise recorded in parasequences constituting the trans-
gressive systems tract I. Development of the transgressive
systems tract I was controlled by both regional tectonic pro-
cesses and a considerable increase in material supply to the
basin. The evolution of the estuary resulted from a gradual
drowning of the NW—SE-trending rift valley that developed
during the final stage of the synrift phase of the late Neopro-
terozoic rift in the western margin of Baltica.

17. The first phase of estuarine sedimentation is recorded
in parasequences PS1. During the earliest stages of its evolu-
tion, the Lublin estuary was a mixed energy wave-and tide-
-dominated estuary (Fig. 57A). The mixed character is proved
by the following facts: 1) presence of central bay deposits in
the lower estuary, 2) simultaneous occurrence of tidal deposits
represented by sandflats, and mixed flats with tidal rhythmi-
tes, 3) presence of the tidal limit zone in the upper estuary.

18. In the next stage of the transgressive phase, corre-
sponding to the deposition of parasequence PS2, influence of
tidal sedimentation significantly increased. It is proved by
the occurrence of well-developed mixed flats with tidal rhy-
thmites. Their increasing content in the facies spectrum of
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the estuary was determined by its gradually forming funnel-
-shaped geometry associated with the increasing rank of tides
in the hypersynchronous tide-dominated estuary.

19. The maximum of mixed flat development, containing
typical tidal rhythmites with bundles showing neap-spring
tidal cycle, occurred during the deposition of parasequence
PS3. It was related to the maximum development of funnel-
-shaped geometry of the estuary (Fig. 57B). The greatest de-
velopment of tidal rhythmites in the transgressive succession,
presence of tidal ravinement surface and increasing thickness
of the tidal prism towards the estuary mouth suggest a macro-
tidal character of the Lublin estuary during the deposition of
parasequence PS3.

20. A regress of mixed flats in the estuary occurred during
the deposition of parasequences PS4 and PS5. Development
of the maximum flooding surface at the top of parasequence
PS5 coincided with the maximum landward extension of
mudflats and the ultimate drowning of the river valley with
braidplain.

21. Regression of the Lublin estuary started at the Edia-
caran/Cambrian transition. The process is recorded in parase-
quences PS6 and PS7. Regional variability of the facies spec-
trum of parasequence PS6 is recorded by the simultaneous oc-
currence of relatively thick upper estuary bay-head delta de-
posits, middle and lower estuary tidal flat deposits and shore-
face zone near the estuary mouth. This fact suggests a change
from a macrotidal estuary during the peak stage of the trans-
gression development to a mixed energy wave- and tide-
-dominated estuary in the initial stage of its regression (Fig.
57C). The decelerating relative sea-level rise and related
shoreline progradation marks the beginning of a highstand.
Due to increased material supply by a braided river system
flowing down from the Podlasie region to the Lublin one,
the funnel-shaped topography of the estuary was gradually
destroyed.

22. In the Platysolenites antiquissimus Chron, the estuary
underwent transformation into an open coast highly affected

by wave action and, maybe, with a slight influence of tides. At
the end of deposition of parasequence PS6 and during the be-
ginning of deposition of parasequence PS7, the Lublin estu-
ary was filled with sediment.

23. The next parasequences derived from regressive pha-
se, PS8—PS9, bear the features of classical parasequences by
an increasing grain size and a remarkable upward shallowing
of the depositional environment. The sedimentation of open
coast deposits in the shoreface to offshore zone occurred, with
arecord of storm conditions. The sedimentary conditions are
proved by the occurrence of a very abundant and ichnota-
xonomically diversified assemblage of trace fossils. The early
Cambrian trace fossils differ from their late Ediacaran equiva-
lents in more complicated morphology of burrows. Especially
they show much larger burrow diameters indicating a well-
-oxygenated, but low-energy and poorly variable living envi-
ronment of the tracemakers.
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